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PURPOSE 


This  basic  research  program  is  directed  toward  obtaining  a  quanti¬ 
tative  and  qualitative  understanding  of  the  physical  mechanisms  involved 
in  natural  and  modified  convective  storms.  The  various  phases  of  the 
convective  phenomena  are  considered  from  a  balanced,  integrated 
viewpoint.  The  aim  is  to  investigate  and  understand  critical  factors 
such  as:  nucleation,  hydrometeor  development,  electrification,  cloud 
dynamics,  environmental  effects,  and  the  complex  interrelations  between 
all  these  separate  items.  The  research  technique  is  built  around  the 
concept  of  an  outdoor  cloud  laboratory,  treating  the  clouds  and  storms  in 
the  simplest  possible  real  situations.  Seeding  is  used  as  a  diagnostic 
research  tool  to  permit  observations  of  direct  and  secondary  effects  on 
hydrometeor  development,  electrification,  .and  cloud  dynamics. 

The  program  necessarily  has  entailed  the  development  of  equipment 
and  field  study  techniques.  Success  of  the  field  program  relies  on  an 
extensive  coordinated  effort  using  radar,  other  ground  observations,  and 
light  aircraft  systems  which  probe  the  dominant  factors  simultaneously. 


ABSTRACT 


o 

o 


0  r  J) 

O  C'  '•  1  1 

c'->-  -> 

C0" 

^  @ 


G  •.» 

G  0 


®  C3 
0Qjj? 


°0G  £3) 


J‘"b  ® 


The  Flagstaff  Cumulus  Studies  were  initiated  in  1959  by  Atmospheric 
Research  Group  with  support  from  the  National  Science  Foundation.  In 
1962  the  research  was  expanded  with  additional  sponsorship  to  Meteorology 
Research,  Inc.  ,  affiliated  with  ARG,  coming  from  the  U.S.  Army  Elec¬ 
tronic  Research  and  Development  Laboratory.  This  report  covers  the 
field  program  period  from  the  beginning  through  1962  and  subsequent 
related  analyses.  This  is  a  joint  report,  constituting  the  final  report  by 
ARG  to  NSF  on  Grants  No.  G8334  and  No.  G11969,  and  Part  A  of  the 
final  report  by  MRI  to  USAERDL  for  the  second  year  of  Contract  DA  36-039 
SC -89066.  (Part  B  of  the  final  report  by  MRI  to  USAERDL  gives  results 
of  the  *1963  season,  and  some  further  analysis  of  items  treated  in  the 
present  report.  ) 

The  Flagstaff  Cumulus  Studies  represent  a  broad  program  of  investi¬ 
gation  into  the  microphysics  and  dynamics  ^)f  cumulus  clouds.  The  piogram 
was  based  ory  the  concept  of  instrumenting  an  outdoor  laboratory  with  a 
coordinat’fd  -systgrti  of  aircraft  and  ground  measurement  devices  of 
sufficient  scope  to  delineate  the  dominant  factors  and  interrelations  of 
nucleating  hydromfdeor  <Uev$c?i5ftftmt,  electrification,  and  dynamics.  The 
outdoor  laboratory  was  'hc°area<.,grpuml  the  isolated  San  I  rancirsco  Peaks 
in  no  r th e rn“A r Chrfn a aj^a r e ^  wit e*i£atp e  regular  summer  cumulus  clouds 
tend  to  be  <rolcff,anck?thus.c  irPphalto^nlfe.^r^nv.tli  of  ice  phase  hydrometeors. 
The  prog r% m op r « 1» e d  1  a r g qF* mid "nft ),i>r#"co m p  1  e x  clouds  each  year  as  the 
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andsgeiferal  understanding  of  the  subject 
i rwp r o v c*d  ;  i°n 5th e^ffti acO^'eya s dVi sg; '  fMJhl^  aW$.rV  ronduc Led  within  major  clouds 
yielding  1  i j?h tntrPg^and °h<Jil0ll;  C  tout]  ,  edingh.y  dry  ice  and  silver  iodide 
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..  Sixteen  reports  ol!pa|x^s  we^f^wd  concerning  those  studies. 
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and%ev8eral  others  °aV  bejng  inc  dr  pn  rated  into  papers  on  related  programs. 
This ’final"  re  port  "includes  ftppies^f'ljie  niye  main  papers  and  reports,  and 
.summarizes  the  primary  resuPts- vs^ith  respect  to  the  whole  program. 

®  •  •  ®  <§>  ®  t  „  • 

*New  instrumentation  techniques  were  developer]  as  required,  the 
instrumented-outdoor -laboratory  concept  was  developed  to  an  effective 
operational  stage,  and  the  techniques  wejeused  to  establish  certain  quan¬ 
titative  aspects  of  natural  and  artificial  cloud  seeding  and  crystal  growth, 
cloud  and  cloud-region  dynamics,  and  electrification. 


The  program  provides  a  basis  for  certain  more  specialized  investi¬ 
gations,  but  also,  by  emphasizing  the  complex  interrelationships  of  the 
various  factors  comprising  convective  storms,  it  points  out  the  value  of 
fitting  investigations  into  a  broader  perspective. 


PUBLICATIONS,  LECTURES,  REPORTS,  AND  CONFERENCES 


The  following  reports  and  publications  pertain  to  the  initial  NSF 

phase  of  the  Flagstaff  Cumulus  Studies,  relating  primarily  up  to  the 

field  season  of  196  T: 

ARG,  Progress  Report  on  Field  Studies  in  Cloud  Physics  (Flagstaff 
Cumulus  Studies)  submitted  to  NSF  September  30,  1959, 

Todd,  C.  J.  ,  Precipitation  Initiation  in  Summer  Cumulus  at  Flagstaff, 
Arizona.  8th  Weather  Radar  Conf.  ,  San  Francisco,  April  I960. 

MacCready,  P.  B.  ,  Jr.,  Equipment  for  Field  Studies  in  Cloud  Physics. 

ISA  Preprint  8-SF60,  I$A  Conference,  San  Francisco,  May  I960. 

ARG,  Brief  Resume  Report  to  the  National  Science  Foundation  on  Flagstaff 
Cumulus  Studies,  Grant  No.  NSF  G8334,  Submitted  to  NSF  June  15 
I960. 

ARG,  Flagstaff  Meteorological  Studies,  Summer  I960.  Picture  Booklet 
of  exhibit  of  Museum  of  Northern  Arizona,  distributed  by  ARG, 

October  I960. 

• 

MacCready,  P.  B.  ,  Jr.  ,  A  Review  of  Small  Cumulus  Studies  and  the 
Modification  of  Hail.  Nubila,  IV,  N.  1,  1961  (from  International 
Congress  on  the  Physics  of  Cloud,  Verona,  Italy,  August  I960). 

MacCready,  P.  B.  ,  Jr.,  Memorandum  on  Yellowstone  Park  Studies. 

Contained  in  Publication  #  1,  ASRC  of  the  State  University  of  New  York, 
F.inq,l  Report,  196  1  Yellows  tone  Field  Res  earch  Semina  r ,  V.  J. 
Schaefer,  Chairman. 

I 

Todd,  C.  J.  ,  A  Study  of  Cloud  Composition.*  9th  Weather  Radar  Conf.  , 
Kansas  City,  October  1961.  ».•' 

Todd,  C.J.  ,  Memorandum  on  2nd  Yellowstone  Field  Research  Seminar . 
Contained  in  Publication  #5,  ASRC-SUNY,  May  1962. 

MacCready,  P.  B.  ,  Jr.  ,  The  Continuous  Particle  Sampler  at  the  Puy  de 
Dome  Comparison  Conf,  Bulletin  de  l'Observatoire  du  Puy  de  Dome 
No.  1,  1962. 

Todd,  C.  J.  ,  and  E.  Hindman,  II,  Memorandum  on  3rd  Annual  Yellowstone 
Field  Research  Seminar.  Contained  in  Publication  #13,  ASRC-SUNY 
March  1963. 
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a  re 


the  results  pertaining  to  the  expanded  field  operations  in  1962 
gi\ en  .n  : 


MacCready,  P.  B.  ,  Jr.,  T.  B.  Smith,  C.  J.  Todd,  C.W.  Chien,  and 

11.  Woodward,  Study  and  Modification  of  Convective  Storms. 

Final  Report,  MR1  Contract  No.  DA  36-039  SC-89066,  USAERDT, 

May  1963.  AD  4  15  347. 

In  addition,  there  have  been  prepared  the  nine  papers  which  appear 
as  appendices  in  this  report  (see  Table  of  Contents),  seven  of  which  have 
been  submitted  to  appropriate  journals. 

MRI  lias  submitted  a  final  report  to  Naval  Research  Laboratory  - 
Office  of  Naval  Research  on  Contract  Nonr -38  1 9 {  00)(X  ),  "Continuous 
Particle  Sampler  Study  Program",  by  P.  13.  MacCready,  Jr.  ,  and  R.  E. 
Williamson,  December  1963,  which  furthered  the  development  of  the 
sampler  originally  developed  by  ARC  and  used  on  the  joint  ARG-MR1 
studies.  This  project  was  thus  interrelated  with  the  program  of  this 
report. 

Papers  were  presented  at  meetings  by  Todd  (the  8th  and  9th  Weather 
Radar  Conferences,  on  the  echoes  in  seeded  clouds  and  the  continuous 
sampler,  tire  1964  AMS-Los  Angeles  meeting  on  ice  crystal  development 
in  a  seeded  cloud,  and  the  196  1  AMS-Chicago  cloud  physics  meeting  on 
ice  crystal  growth  and  quantitative  seeding),  and  by  MacCready  (ISA  I960 
meeting  on  instrumentation,  I960  meeting  at  Verona,  Italy,  on  the  general 
field  studies,  and  1962  AGU  meetings  on  hydrometeor  charge  evolution). 

NSP  field  research  trips,  in  addition  to  the  Flagstaff  field  work,  con¬ 
sisted  of  MacCready  visiting  Yellowstone  Park  and  attending  the  sampler 
comparison  program  in  France,  Todd  visiting  Yellowstone  Park  twice, 
and  Hindman  visiting  Yellowstone  Park  once. 

Conferences  at  Flagstaff  in  1962  and  1963  are  detailed  in  the  MRI 
final  reports  to  USAERDL  (AD  415  347  for  the  1962  season,  Part  B  of  the 
Final  Report  for  the  1963  season). 
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DISCUSSION 


A.  Introduction 

This  is  the  final  report  to  the  Atmospheric  Sciences  Section  of  the 
National  Science  Foundation  under  Grants  No.  G8334  and  No.  G1  1969, 
and  Part  A  of  the  Final  Report  to  USAERDL  by  MRI  on  the  1963-1964 
program.  This  report  consists  of  a  summary  of  activities  and  results 
plus  appendices  which  are  separate  papers  on  particular  subjects.  The 
report  is  a  complete  review  of  the  NSF  work,  and  a  partial  account  of 
the  work  for  USAERDL.  This  report  and  the  later  Part  B  of  the  Final 
Report  to  USAERDL  have  some  overlap  in  that  each  document  can 
separately  present  a  complete  picture  of  results. 

The  aim  of  the  research  has  been  to  advance  the  physical  under¬ 
standing  of  natural  and  modified  convective  clouds  and  storms,  utilizing 
the  outdoor  laboratory  afforded  by  the  clouds  in  the  summer  at  Flagstaff, 
Arizona.  Cloud  seeding  was  sometimes  used  as  a  research  tool  to  alter 
the  laboratory  setup  in  a  desired  way  at  a  desired  time.  The  research 
technique  has  been  to  consider  the  interrelationships  of  the  various 
factors  which  dominate  the  development  of  cumulus  clouds  and  their  hydro - 
meteors  and  electrification.  T  hus  the  scope  of  the  program  has  been  very 
broad,  including  nucleation,  hydrometeor  growth,  cloud  dynamics,  and 
electrification,  and  requiring  considerable  development  of  instrumentation 
and  techniques. 

The  results  of  the  program  have  depended  to  a  considerable  extent 
on  concui  rent  sponsorship  of  associated  studies.  One  uniquely  valuable 
program  was  the  related  MRI  project,  "Continuous  Particle  Sampler 
Study  Program",  Contract  Nonr -3819(00 )(X),  from  the  U.S.  Naval 
Research  Laboratory  and  Office  of  Naval  Research.  The  Flagstaff  Cumulus 
Studies  were  preceded  by  an  MRI  investigation  of  electrification  due  to 
seeding,  "Cloud  Electrification  Study",  Contract  No.  AT(  04-3J-236,  from 
the  Atomic  Energy  Commission.  The  U.S.  Army  Electronics  Research 
and  Development  Laboratory,  the  Air  Force  Cambridge  Research  Labora¬ 
tories,  the  University  of  Chicago,  and  the  University  of  Michigan  all 
conducted  field  investigations  at  Flagstaff  during  the  course  of  the  NSF 
grants.  Many  visiting  scientists  observed  the  Flagstaff  studies  in  action, 
and  seminars  were  held  regularly  at  Flagstaff  to  promote  exchanges  of 
ideas  between  the  various  scientists  and  to  acquaint  students  with  the 
subjects. 


Atmospheric  Research  Group  employed  meteorology  students  for 
some  of  the  summer  work,  and  two  of  the  students  were  able  to  contribute 
articles  of  their  own  to  this  program.  In  addition,  for  two  seasons 
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Dr.  V.  J.  Schaefer  of  the  New  York  State  University  has  conducted  an 
atmospheric  science  field  laboratory  for  advanced  young  students  at 
Flagstaff,  with  the  students  assisting  some  in  the  research  projects. 

B.  General  Project  Background 


The  Flagstaff  Cumulus  Studies  have  been  interwoven  with  the  efforts 
of  various  research  groups  for  the  mutual  benefit  of  all.  The  interrelated 
programs  were  as  follows  (the  programs  are  listed  in  the  year  pertaining 
to  the  field  effort,  although  the  analysis  of  the  field  season  may  considerably 
overlap  the  following  field  periods): 


1956  USFS  Project  Skyfire  introductory  program  at  Flagstaff,  stymie 
MRI  personnel. 

•  .  .  O  ■  .  C?  «3  o3  ..  •  .  ■>  O  °  t»>  .o’ 

C  '  -  ,  .  o  C3  •  ^ 

1958  MRi  AEC -sponsored  electrificaTion  study  (.seeding  to”'produce 
‘definite  electrification),  final  report  July  1959.“.aM5-I0“^mali.”.. 
sery.ic.e.  contract-  with  GRD  (AFCRL.).  ;  •.  .•» 

•••  •  ■' 

1«959  ARG-NSF  Grant  No.  NSF  G8334.  General'  small  cloud  studies, 
traverses,  electrification.  MRI' small  service ' ‘contract  with 
GRD  (Anderson).  University  of  Michigan  and  University  6f 
Chicago  (Fujita)  participating. 

"  "  '•  '‘tf  .*<, 

1960  ARG-NSF  Grant  No.  NSF  G11969..  Special  Emphasis  -ori  ’coh'V ac¬ 

tive  cloud  sources  and  characteristics.  -GRD  (Anderson, 
Cunningham,  Fitzgerald)  participating  in  own  p-rbgiairt,  AhcT  °c. 
Fujita  with  a  major  meso -network.  •  i  •=  f 

1961  ARG-NSF  continued,  mbr'e  seeding.,-  general  studies,  dcvplpt£m>pfyjfc,* 

o L.s pi raL  as.cent'  technique.  GRD  (Atlas,  L'Hermitte,  Cunninghdmh 
Fitzgerald).  University  of  Michigan  drop  spectrometer.  Hallett,0- 
UCLA.  - 


1962 


6  r  ■ .  "■ 


n'-y  ... 

o. 

■7 c«9  c?j's^sr> 

;  o  o  * '  °<> 0 
O t 

-  V  ■  «•  • 

1963 


ARG-NSF  continued,  major  studies,  hydrometeor  char.gin'g.,' 
advanced  data  reduction,  seeding  continued.  USFS  (Fuqua°y)'  lieTp 
in  seeding  to  ARG-MRI.  MRI-USAERDL  contract  fqr  e-xopanded-.n’r- 
w o r k.i ■  A-ls,©  USAERDL  (Wckkraann,  Kascrnir)  conducting  their. 

^Hjvysn- s  tUdiek.  ''•^.p.op.ea-jatip.hiw-ith  .SehadfKR  aid&a-rfc ed'-is'it'udI'e'rrt“freld'''c:! 
sctud i e°^.o “. MJlL- hj R|^-'©NR  c onferac -tc pn ti-nuo u s“  s'am p  1  e r  <- 

’■  t:-'-d°e  v  edcTpirfle  nt.-^A-j  r,.-  tm  r.r 

e.tn..-  J  "  *«•  cs 


J°L  .5  c3  O  OO  Cty 


Majo’r  MRI-USAERDL  programs  continued,  as  well  as  MRI-NRL- 
ONR  project. 
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C.  The  Over-Ail  Project 

Obtaining  significant  physical  understanding  of  the  dominant  factors 
in  convective  dynamics  and  precipitation  necessarily  involves  a  complex 
group  of  related  studies.  An  underlying  philosophy  of  this  whole  pro¬ 
gram  has  been  to  make  the  study  as  simple  as  possible,  while  realizing 
that  even  in  the  simplest  case  a  convective  cloud  represents  a  very 
complex  phenomenon.  As  the  project  tools,  techniques,  and  understand¬ 
ing  were  improved  each  year,  it  became  possible  to  study  larger  and 
more  complex  clouds  and  cloud  systems.  Thus  at  the  beginning  the 
instrumentation  in  the  aircraft  was  rudimentary;  the  aircraft  probed  the 
clouds  only  when  they  were  relatively  small;  the  ground  network  was 
limited;  and  cloud  photography  was  used  more  than  radar.  By  the  final 
field  season  the  aircraft  instrumentation  was  rather  advanced,  capable 
of  measuring  many  variabl'es  simultaneously;  the  aircraft  routinely 
probed  moderately  severe  thunderstorms,  flying  in  strong  icing  and 
turbulence  conditions,  and  even  in  some  cases  being  in  hail  larger  than 
1/2-inch  diameter;  two  radars  were  in  use  for  monitoring  the  precipita¬ 
tion  situation  and  the  aircraft  position;  and  the  data  reduction  and 
analysis  scheme  was  developed  to  the  point  where  a  complete  field  test 
can  be  quantitatively  analyzed  in  just  several  man-weeks. 

The  foundation  of  this  program  has  rested  on  the  development  of 
appropriate  instrumentation.  It  has  been  necessary  to  measure  simul¬ 
taneously  the  many  variables  which  are  major  factors  in  the  outdoor 
laboratory.  Whenever  standard  instruments  were  not  available  (which 
was  the  case  in  most  instances)  new  ones  were  developed.  The  emphasis 
has  been  on  simple  devices  giving  reliability,  accuracy,  and  resolution 
appropriate  for  this  type  of  field  program. 

This  broad  project  has  succeeded  in  its  aim  of  advancing  the  basic 
understanding  of  cumulus  micro  physics  and  dynamics.  It  has  helped 
establish  the  groundwork  for  quantitative  treatment  of  factors  in  cloud 
dynamics,  droplet  growth,  and  electrification. 

The  main  project  results  are  given  herein  as  copies  of  separate 
papers  and  reports.  Most  of  these  have  been  submitted  for  publication; 
others  form  the  bases  of  papers  which  will  subsequently  be  submitted 
after  being  augmented  by  data  from  other  programs.  The  next  section 
of  this  report  summarizes  the  program  results,  putting  the  various 
papers  in  the  perspective  of  the  over-all  program. 


3 


D.  Pro  ject  Results 


1.  Effect  of  the  San  Francisco  Peaks  on  the  Development  of  Convection 

and  Precipitation. 

Appendix  A  is  a  paper  by  A.  I.  Weinstein  and  T.  B.  Smith  titled 
"Convective  Precipitation  in  the  Lee  of  an  Isolated  Peak".  The  existence 
of  a  persistent  localized  major  convective  phenomenon  has  been  estab¬ 
lished,  here  called  the  convective  mountain  wake.  The  growth  of 
convective  cells  and  convective  precipitation  is  often  greater  in  the  wake 
area,  considerably  downwind  of  the  Peaks,  than  it  is  over  the  Peaks. 

The  phenomenon  stems  from  the  convergence  of  hot  surface  air  into  the 
zone  well  behind  the  Peaks,  augmented  by  the  convective  release  of 
latent  heat  of  condensation  there;  it  may  also  include  an  effect  from  a 
dynamic  wave  set  up  by  the  Peaks.  The  convective  wake  existed  when 
the  wind  at  14,  000  feet  exceeded  9  knots  or  the  wind  sheared  strongly 
with  height,  when  the  air  was  convectively  unstable,  when  there  was 
strong  solar  heating,  and  when  the  air  was  not  excessively  moist.  When 
the  precipitable  water  was  less  than  Z  cm,  convective  precipitation 
would  be  confined  to  the  wake  area;  greater  moisture  produced  convec¬ 
tive  precipitation  everywhere. 

This  paper  is  being  incorporated  into  a  more  extensive  analysis 
in  Part  B  of  the  MRI  report  to  USAERDL  on  the  1963  season. 


This  persistent  localized  convective  phenomenon  represents  the 
simplest,  steadiest,  and  most  predictable  large  convective  regime  with 
which  the  authors  are  familiar.  It  thus  suggests  itself  as  an  ideal  situ¬ 
ation  for  future  cloud  modification  trials  on  an  operationally  valuable 
scale. 

Z.  Convection  Structure. 

Appendix  B  is  a  paper  by  C.  J.  Todd,  "Aircraft  Traverses  in  a 
Growing  Mountain  Cumulus  Cloud". 

It  describes  the  motions  and  continuity  in  a  growing  cumulus  area 
over  the  San  Francisco  Peaks  as  observed  by  a  systematic  sequence  of 
aircraft  traverses  (17)  through  the  cloud  region  and  by  time-lapse  photo¬ 
graphs  of  the  clouds.  The  observations  showed  consistency  with  the 
"starting  plume"  picture  presented  by  R.  J.  Taylor.  There  was  con¬ 
siderable  time  continuity  to  the  upeurrent  cells.  The  vertical  transport 
of  air  past  the  observation  level  in  a  typical  cell  was  6  times  the  length 
of  the  horizontal  cell  dimension.  Cloud  cell  top  vertical  motions  showed 
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velocities  about  half  of  the  upcurrent  strength  within  the  cloud.  The 
initial  cloud  positions  correlated  with  those  high  slopes  on  the  mountains 
which  wore  most  heated  by  the  sun. 

These  observations  add  information  to  the  over-all  question  of  thermal 
cell  structure. 

This  paper  lias  been  submitted  to  the  Journal  of  Atmospheric  Science 
3.  Dynamic  Effects  of  Cloud  Seeding. 

Appendix  C  is  a  paper  by  W.  L.  Woodley,  "Computations  on  Cloud 
Growth  Related  Lo  Seeding".  Mr.  Woodley  is  a  meteorology  student  at 
UCLA  who  worked  on  the  program  during  the  Summer  of  1963.  Observa¬ 
tions  at  Flagstaff  and  by  other  investigators  elsewhere  have  demonstrated 
that  in  some  cases  the  latent  heat  of  fusion  released  in  seeding  supercooled 
clouds  can  significantly  increase  the  ultimate  height  of  the  cloud.  This 
paper  represents  a  statistical  study  of  the  magnitude  of  this  dynamic 
seeding  effect  which  could  have  occurred  at  Flagstaff. 

One  hundred  eighty  soundings  are  treated,  covering  all  available 
data  from  the  Summers  of  1961,  1962,  and  1963.  The  cloud  top  heights 
are  computed,  considering  the  weight  of  the  droplets  but  with  the  simplest 
possible  assumptions  such  as  no  mixing  and  no  growth  above  the  zero 
buoyancy  level,  for  two  cases:  1)  the  naturally  seeded  case,  with 
supercooled  water  conversion  to  ice  at  -30C,  and  2)  the  artificially 
seeded  case,  with  supercooled  water  conversion  to  ice  at  -  IOC.  The 
results  imply  that  height  increases  of  over  5000  feet  due  to  seeding  can 
be  expected  fairly  often,  and  increases  over  15,  000  feet  are  sometimes 
possible.  Despite  the  simplicity  of  the  model,  it  is  felt  that  the  computed 
height  differences  quantitatively  represent  a  reasonable  measure  of  the 
potential  for  cloud  dynamics  changes  from  seeding.  Specific  observations 
of  cloud  growth  due  lo  seeding  are  noted,  but  can  only  be  considered  as 
consistent  with  these  concepts  rather  than  verifying  them. 

This  investigation  represents  a  further  look  at  the  question  of  the 
seedability  of  a  particular  meteorological  situation,  considering  the  cloud 
dynamics  aspect  of  seedability.  The  question  of  seedability  has  been 
touched  on  by  others  at  ARG-MRI  in  the  past,  specific .  1 1  y  in  C.  J.  Todd's 
concept  of  seedability  as  related  to  the  mechanism  of  precipitation 
initiation  (MacCready,  Smith,  Todd,  Beesmer,  "Nuclei,  Cumulus,  and 
Seedability  Studies",  contained  in  Vol.  II,  Final  Report  of  the  Advisory 
Committee  on  Weather  Control,  1957),  and  by  T.  B.  Smith's  analysis  of 
seedability  in  west  coast  winter  storms  as  a  function  of  storm  stability 
and  moisture  supply  (Smith,  T.B.,  "Physical  Studies  of  the  Santa  Barbara 
Cloud  Seeding  Project",  J.  Appl.  Meteor.  ,  June  1962). 
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Woodley's  paper  has  been  accepted  fdr  publication  by  the  Journal  de 
Recherches  Atmosphe  r  ique  s . 

4.  Quantitative  Aspects  of  Crystal  Growth  in  a  Seeded  Cloud. 

Appendix  D  is  a  paper  by  C.  J.  Todd  entitled  "Ice  Crystal  Develop¬ 
ment  in  a  Seeded  Cumulus  Cloud".  One  of  the  main  research  techniques 
for  the  Flagstaff  Cumulus  Studies  has  been  to  consider  the  natural  clouds 
as  a  laboratory,  instrument  the  aircraft  for  the  appropriate  quantitative 
measurements,  and  then  seed  to  introduce  a  new  parameter  at  a  desired 
time  and  place.  This  paper  describes  one  of  the  most  successful  such 
experiments. 

Ihe  seeding  plane  spiraled  1780  meters  below  the  base  of  a  super¬ 
cooled  cloud  {cloud  base  about  -9.  5C).  The  "flying  laboratory"  plane 
spiraled  from  below  the  seeding  plane  up  into  the  cloud  to  a  height  with 
temperature  colder  than  -16C.  There  was  continuous  sampling  of  the 
droplet  and  crystal  population  with  the  continuous  particle  sampler.  At 
low  elevations  in  the  cloud  the  ice  crystal  regions  from  the  seeding  plume 
were  narrow;  at  the  high  elevations  the  ice  crystal  regions  were  broad 
because  there  had  been  more  time  for  diffusion,  broad  enough  so  there 
were  only  small  areas  without  crystals.  Considering  generator  output 
as  a  function  of  temperature  and  invoking  the  theory  of  diffusion  in  the 
inertial  subrange,  the  computed  crystal  concentrations  agreed  reasonably 
well  with  the  observed  concentrations,  and  the  volumes  in  which  they 
were  found  agreed  with  the  expanding  plume  picture.  From  careful  study 
of  the  growth  rate  of  the  crystal  population,  Todd  was  able  to  fit  the 
growth  into  a  formula  consistent  with  crystal  theory  and  laboratory 
measurements,  and  verify  that  the  growth  rate  increased  five-fold  from 
-9.  5C  to  -13C.  This  investigation  represents  the  use  of  a  cloud  as  a 
full  scale  cold  box  for  basis  crystal  studies  and  for  the  quantitative  study 
of  seeding  effectiveness. 

Other  measurements  from  the  airplane  showed  that  undiluted  cores 
existed  in  the  cloud  even  at  the  peak  heights’  reached,  and  showed  the 
increase  of  buoyancy  associated  with  the  release  of  heat  of  fusion  as  the 
supercooled  water  turned  to  ice. 

This  paper  has  been  accepted,  with  revisions,  by.  the  Journal  of 
Atmospheric  Sciences. 
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5.  Quantitative  Calculations  of  Hydrometeor  Development. 

Appendix  E  is  a  paper  by  C.  J.  Todd,  "A  System  for  Computing  Ice 
Phase  Hydrometeor  Development".  It  represents  a  beginning  in  treating 
cloud  modification  techniques  in  the  sort  of  quantitative  detail  which  must 
be  considered  in  any  eventual  practical  application  scheme.  The  paper 
touches  on  the  broad  aspects  of  the  whole  cloud  modification  picture,  and 
then  focuses  on  the  ice  phase  hydrometeor  development.  It  is  a  practical 
assembling  of  the  factors  which  dominate  hydrometeor  growth.  It  draws 
extensively  on  the  literature,  and  it  utilizes  logical  extrapolations  where 
literature  is  lacking.  Thus  it  points  out  the  areas  requiring  special 
additional  study,  while  putting  present  knowledge  into  some  perspective. 

The  computation  method  treats  the  development  of  ice  hydrometeors 
in  non-raindrop  clouds  from  (1)  the  nucleating  agent,  (2)  the  rate  of 
growth  of  ice  crystals  as  a  temperature  function,  (3)  the  onset  of  riming 
as  a  function  of  crystal  size,  fall  velocity,  and  cloud  droplet  size,  (4) 
the  rate  of  graupel  growth  as  a  function  of  size,  shape,  density,  fall 
velocity,  and  cloud  droplet  concentration,  and  (5)  the  development  of 
hailstones  as  a  function  of  size,  density,  shape,  surface  temperature,  fall 
velocity,  and  liquid  water  content  of  the  cloud.  The  computations  are  by 
graphical  techniques  and  are  basic  to  the  design  of  actual  seeding  techniques. 
They  constitute  a  starting  point  for  more  complex  situations  wherein 
electrification,  cloud  dynamics,  and  overseeding  interference  to  growth 
must  be  considered. 

The  study  emphasizes  the  importance  of  the  details  of  the  growth  rate 
of  crystals,  particularly  the  fast  growth  observed  at  the  -4C  level. 

In  its  present  form  the  paper  is  too  large  and  detailed  for  submission 
to  a  journal,  although  it  is  planned  that  some  extractions  from  it  will  be 
the  basis  of  formal  articles. 


6.  Tli  e  Continuous  Collection  of  Droplets  and  Crystals. 

Appendix  F  is  a  paper  titled  "Continuous  Particle  Sampler"  by  P.  B. 
MacCready  and  C.  J.  Todd.  It  describes  an  instrument  which  has  proven 
to  be  uniquely  valuable  for  these  cloud  physics  studies.  The  device  was 
developed  primarily  as  an  instrument  with  which  to  observe  the  presence 
of  ice  crystals  coexisting  with  water  droplets.  It  permits  calculation  of 
concentrations  and  size  spectra  of  liquid  droplets  and  crystals  in  the 
general  range  of  3  to  100  microns. 
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The  sampler  captures  atmospheric  particles  in  a  Formvar  solvent 
liquid  film  which  has  been  coated  on  16  mm  movie  leader  stock.  The 
Formvar  soluLion  completely  encapsulates  the  particle;  then  as  the 
solvent  evaporates,  the  film  hardens  quickly,  preserving  a  replica  of 
the  particle.  The  replicas  from  crystals  are  exact;  those  from  droplets 
can  be  somewhat  flattened.  The  amount  of  flattening  of  droplet  replicas 
has  been  determined  approximately  by  a  laboratory  technique.  The 
collection  efficiency  of  the  sampler  is  computed  by  standard  means. 

The  film  records  are  analyzed  by  projecting  the  film  on  a  screen 
and  manually  counting  and  sizing  the  images.  Rapid  methods  have  been 
developed  for  this  data  reduction. 

The  sampler  invokes  various  design  compromises  to  overcome,  over 
a  broad  range  of  meteorological  conditions,  problems  such  as  those 
associated  with  film  coating,  droplet  encapsulation,  droplet  migration, 
and  spurious  crystal  growth.  Operation  for  collecting  warm  droplets 
alone  is  rather  simple;  operation  to  get  droplets  and  crystals  simultane¬ 
ously  requires  critical  adjustments. 

The  continuity  for  the  development  of  this  continuous  sampler  lias 
been  due  to  the  NSF  support.  Major  factors  in  the  development  and  use 
of  the  instrument  derive  from  the  support  given  MRI  by  NRL-ONR  and  by 
USAERDL.  This  paper  has  been  submitted  to  the  Journal  of  Applied  Mete¬ 
orology.  Additional  information  on  the  use  of  the  device  is  contained  in 
Part  B  of  the  MRI  report  to  USAERDL  on  the  1963  field  season. 

7.  A  Formvar  Collector  for  Nuclei  and  Settling  Particles. 

Appendix  G  is  a  paper  by  E.  E.  Hindman,  II,  titled  "Continuous 
Sampler  for  Settling  Particles".  Mr.  Hindman  is  a  meteorology  student 
at  the  University  of  Utah  who  has  worked  for  Atmospheric  Research  Group 
for  several  summers,  paying  particular  attention  to  the  Formvar  collec¬ 
tion  techniques.  In  1963  he  received  honorable  mention  for  the  Father 
McElwane  award  by  AMS  for  the  beginning  of  one  of  the  developments 
which  is  included  in  this  paper.  This  paper  describes  the  development  of 
a  continuous  collector  which  uses  the  Formvar  encapsulation  principle, 
and  softens  the  dry  Formvar  coating  by  a  vapor  solvent  instead  of  a 
liquid  solvent.  16  mm  leader  material  with  a  very  thin  dry  Formvar 
coating  moves  slowly  horizontally  where  particles  will  fall  on  it  -- 
particles  falling  from  the  atmosphere,  such  as  small  droplets  and  ice 
crystals,  or  crystals  falling  down  in  a  cold  box.  Next  the  film  passes 
into  a  vapor  chamber  with  chloroform,  which  softens  the  Formvar  enough 
to  encapsulate  the  particles,  and  then  the  film  is  exposed  to  ambient 
conditions  so  the  solvent  will  evaporate. 
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paper  will  appear  in  the  Vol.  f,  1964,  issue  of  the  Journal 
R  oclie  rcho  s  At  mo  spher  icjucs. 

8.  Charging  of  Melting  Hydrometeors,  in  the  Atmosphere  and  Laboratory. 

Appendix  H  is  a  paper  by  P.  B.  MacCready,  Jr.  .  and  Alexander 
Proud  titled  Observations  of  Hydrometcor  Charge  Evolution  in 
1  Hinder s to r m s  .  Potential  gradient  measurements  around  and  within 
‘  ouds  each  year  of  the  project  produced  rather  complex  and  contra- 
f  utory  data  from  which  no  simple  pattern  could  be  discerned  readily, 
n  162  hydrometeor  charge  equipment  was  installed  on  the  airplane 
and  a  pattern  started  to  emerge.  The  measurements  were  made  in  a 
,CX  h™,tCd  SCt  °f  motco ro logical  conditions  (very  cold,  entirely 
supercooled  clouds)  and  so  applying  (he  results  to  other  situations  may  not 
be  warranted.  The  aircraft  would  spiral  up  into  the  cloud,  staying  in  the 
rising  core  until  altitudes  corresponding  to  -  1  S  or  -J7C.  The  small 
hydrometeors  encountered  were  found  to  be  predominately  positive  The 
aircraft  then  would  move  down  into  the  precipitation  area  directly  under 

shah  TK  01  AT1""10'1'  Cl0Ud)  and  -Pir.il  down  through  the  rain/hail 
shaft  The  ice  hydrometcor s  were  generally  positive,  switching  rather 
abruptly  to  ncgat.vc  at  lower  altitudes  when  the  hydrometeors  were 
cnuiely  water;  a  significant  charging  mechanism  associated  with  ire 

h,  ,S  thUS  lmpUOd-  SimlUr  hdc'f  measurements  on 

MRf-USALRDL  project  in  1963  showed  a  more  complex  hydrometcor 

,  n  To  "  °W  UlC  frecain«  lcv‘'>  of  clouds  with  warmer  bases 

than  the  1 9 6 Z  conditions. 

Appendix  Ms  a  paper  by  MacCready  and  Proudfit,  "Sel  f -C  ha  rg  i  ng  ot 
Melting  Ice  ,  which  describes  laboratory  measurements  made  to  invest. - 
gate  the  phenomena  suggested  by  the  flight  measurements.  Ice  pellets 
simulating  ice  hydrometcor s ,  were  melted  in  a  small  wind  tunnel.  The 
lisu  ing  ciaiging  of  the  initially  uncharged  samples  was  noted.  Charging 
occurred  in  a  reproducible  manner,  but  it  was  of  the  opposite  sign  and' 
of  lower  magnitude  than  suggested  by  the  flight  measurements.  Measure¬ 
ments  with  real  hail  in  1963  agreed  generally  with  the  results  of  the  tests 

to*  the  rcT  f  ;C?Kh/drrCtCOrS-  ThC  CharRin«  iR  apparently  related  ' 
to  the  iclcasc  of  bubbles  by  melting  hail.  Hail  typically  has  a  great 

cffectt  H,U  WUh  f°W  b"bMcS  Sh''W«d  "~U.r  eleetr  1  fication 


the  liTcir  °'  "I0''  lW°  P^ers  was  presented  at 

the  1  62  AGU  meetings  in  Washington,  D.C.  The  papers  have  been  sepa¬ 
rated,  new  data  added,  and  generally  revised,  and  the  new  versions  have 
been  submitted  to  the  Quarterly  Journal  of  the  Royal  Meteorological  Society 
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9.  Miscellaneous  Related  Reports. 


The  following  published  papers,  prepared  with  major  sponsorship 

from  this  NSF  grant,  have  previously  been  submitted  to  NSF. 

A.  Todd,  C.  J.  ,  I960:  Precipitation  Initiation  in  Summer  Cumulus 
at  Flagstaff,  Arizona.  Proc.  8th  Weather  Radar  Conference, 

San  Francisco,  April.  For  a  series  of  unseeded,  naturally 
seeded,  and  dry  ice  seeded  cumulus  clouds  at  Flagstaff  the  radar 
reflectivity  at  the  time  of  the  first  detectable  echo  was  computed 
by  considering  the  rate  of  growth  of  crystals.  This  reflectivity 
was  then  compared  with  that  observed  on  the  radar.  The  dry  ice 
seeded  clouds  showed  a  first  echo  in  from  4  to  8  minutes  of  the 
seeding. 

B.  MacCready,  P.  B.  ,  Jr.,  I960:  Equipment  for  Field  Studies  in 
Cloud  Physics.  ISA  Preprint  8-SF60,  ISA  Confe  rence,  San 

F rancisco,  May.  Items  which  were  presented  which  relate  to  the 
Flagstaff  Cumulus  Studies  were:  the  whole-sky  camera  cloud 
observation  system,  and  the  use  of  the  instrumented  light  plane, 
together  with  details  of  some  of  the  instrumentation. 

C.  MacCready,  P.  B.  ,  Jr.,  1961:  A  Review  of  Small  Cumulus  Studies 
and  the  Modification  of  Hail.  Nubila,  IV,  N.  1,  (International 
Congress  on  the  Physics  of  Clouds,  Verona,  August  1960).  The 
beginning  of  the  Flagstaff  Cumulus  Studies  is  reviewed,  a  case  of 
electrification  from  seeding  is  described,  and  possibilities  of 
decreasing  hail  by  seeding  is  discussed. 

D.  Todd,  C.J.  ,  1961:  A  Study  of  Cloud  Composition.  Proc.  9th  Weather 
Radar  Conference,  Kansas  City,  Mo.,  October.  This  paper  described 
the  earliest  version  of  the  continuous  particle  sampler  and  presented 
samples  of  its  use  in  cumulus  clouds. 

E.  MacCready,  P.  B.  ,  Jr.,  1962:  The  Continuous  Particle  Sampler  at 
the  Puy  de  Dome  Comparison  Conference.  Bull.  Observatoire  du 
Puy  de  Dome,  Paris,  1,  19-30.  This  paper  was  the  result  of  an  NSF- 
sponsored  trip  by  MacCready  to  France  to  compare  the  continuous 
sampler  with  other  droplet  collecting  and  measuring  devices.  The 
airborne  version  of  the  collector  was  adapted  to  ground  use  by  having 
a  small  wind  tunnel  provide  the  relative  air  motion.  The  study 
provided  data  on  the  variability  of  cloud  droplet  spectra  and  gave 
some  first  clues  as  to  the  calibration  factors  needed  for  converting 
replica  diameters  to  true  droplet  diameters. 
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With  the  support  of  NSF,  Todd  and  MacCready  have  participated  in 
the  yearly  Yellowstone  Park  winter  seminars  organized  by  Dr.  V.  J. 
Schaefer.  Their  activities  there  are  reported  in  the  reports  by  Schaefer 
issued  by  the  Atmospheric  Sciences  Research  Center,  State  University 
of  New  York. 

Report  li  1,  ASC-SUNY,  19bl,  MacCready  section.  Various  droplet 

collection  techniques  were  investigated,  with  the  result  that  subse¬ 
quently  the  Schaefer  Formvar  method  was  adopted  as  the  basis  of 
the  continuous  sampler.  The  effects  of  Old  Faithful  geyser  eruptions 
on  the  local  potential  gradient  were  studied;  the  local  lowering  of  the 
potential  gradient  was  of  a  magnitude  which  could  be  accounted  for 
by  the  induced-charge  effect  in  the  geyser  liquid  which  ultimately 
formed  the  plume.  Charging  of  a  simulated  ice  hydrometeor 
moving  through  a  supercooled  cloud  showed  a  strong  temperature 
dependence. 

Report  //  5,  ASC-SUNY,  1962,  Todd  Section.  The  testing  and  development 
of  the  continuous  sampler  was  continued,  using  different  coating 
techniques.  Continuous  replication  at  extremely  cold  temperatures 
was  obtained. 

Report  #1.3,  ASC-SUNY,  1962,  Todd  and  Hindman  section.  The  develop¬ 
ment  of  the  continuous  sampler  was  carried  still  further,  with 
collection  at  temperatures  as  low  as  -4  1C.  A  gravity  settling  version 
was  tested  and  was  used  to  get  replicas  of  the  particles  coming  down 
from  Old  Faithful  geyser  eruptions  (reported  by  Hindman  in  Appendix 
G).  Brief  studies  on  condensation  were  conducted. 

Two  other  papers  by  MacCready  which  were  not  associated  with  any 
sponsored  projects  benefited  from  the  existence  of  the  NSF -supported 
work.  One  was  "Improving  Thermal  Soaring  Flight  Techniques",  in  the 
July  1961  issue  of  the  Swiss  Aero -Review.  It  considered  ways  of  locating 
thermals  from  sailplanes,  by  the  understanding  of  thermal  characteristics, 
using  forecasting  and  direct  and  indirect  measurement  techniques.  The 
other  is  a  paper  submitted  to  the  Journal  of  Applied  Meteorology  titled 
"Standardization  of  Gustiness  Values  for  Aircraft".  .  This  describes  the 
use  of  the  inertial  subrange  concept  of  turbulence  to  standardize  turbulence 
measuring  and  reporting,  noting  that  aircraft  gust  loads  come  primarily 
from  eddies  which,  to  a  first  approximation,  fit  into  the  inertial  subrange. 
A  preliminary  relation  between  the  inertial  subrange  turbulence  intensity 
parameter  and  the  qualitative  "feel"  of  the  pilot  (light,  moderate,  etc.  ) 
was  obtained  from  records  in  the  NSF-sponsored  Flagstaff  studies. 


The  Flagstaff  Cumulus  Studies  involved  many  separate  but  related 
projects  and  not  all  could  be  pursued  to  the  point  where  they  justify  a 
formal  report  at  this  time.  For  completeness,  several  of  such  items 
will  be  mentioned  here. 

Freezing  nuclei  measurements  represented  one  facet  of  the  program 
which  had  to  be  minimized  relative  to  other  subjects  which  loomed  as 
more  important.  Freezing  nuclei  counts  were  made  (usually  at  -20C) 
at  the  10,  800-foot  Doyle  Saddle  on  17  days  during  the  1959  program. 
Crystal  concentrations  and  time  of  appearance  were  made  in  a  dual  cold 
box  using  the  supercooled  sugar  solution  technique.  It  was  noted  that 
the  nuclei  counts  frequently  were  large  during  the  hours  when  heating  of 
the  mountain  slope  caused  convection  currents  from  lower  levels  to  reach 
the  Saddle  area.  The  clean,  non-upslope  air  showed  nuclei  counts 
similar  to  average  low  values  found  elsewhere,  of  the  order  of  1  per  5  or 
10  liters.  Counts  more  than  an  order  of  magnitude  higher  (2  to  10  per 
liter)  appeared  erratically  in  air  moving  up  the  slope.  In  subseqvient 
years  some  brief  trials  using  the  filter  method  of  collection  did  not  work 
out  because  of  limitations  in  the  experiinental  technique  as  used.  Visual 
observations  of  clouds  at  Flagstaff  showed  that  the  natural  nuclei  count 
there  can  be  variable  in  both  time  and  space. 

Some  quantitative  effects  of  seeding  are  covered  in  Todd's  paper  with 
this  report.  Qualitative  effects  of  seeding  were  of  course  noted  each 
year,  visually  and  by  radar.  The  timing  and  location  of  the  first  radar 
echoes  were  consistent  with  what  one  would  expect  considering  cloud 
growth  rates  and  temperatures..  In  clouds  with  any  reasonable  liquid 
water  content,  say  with  moderate  upcurrents  and  thickness  of  more  than 
5000  feet,  a  first  radar  echo  would  appear  from  dry  ice  seeding  in  4  to 
6  minutes  if  the  cloud  top  was  -8C  to  -12C.  Seeding  of  somewhat  warmer 
clouds  produced  echoes  more  slowly.  Experience  showed  that  the  first 
radar  echo  from  naturally  seeded  clouds  could  be  expected  ahout  15 
minutes  after  the  cloud  top  passed  the  -17C  to  -20C  level  (generally 
around  22,  000  -  24,  000  feet).  Often  large  seeded  clouds  showed  "feathers" 
projecting  up  from  their  tops  presumably  due  to  localized  excess  buoyancy 
from  localized  seeding. 

The  convective  clouds  would  show  significant  unmixed  regions  with 
the  maximum  theoretical  liquid  water  content.  Turbulence  was  generally 
moderate  in  the  clouds.  Traverse  data  (liquid  water  content,  vertical 
velocity,  temperature  fluctuations)  showed  that,  in  small  to  moderate 
cumulus  clouds,  volumes  with  homogeneous  properties  were  on  the  order 
of  1000  feet  across. 
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F.  Instrumentation  and  Field  Techniques 


I’he  Flagstaff  Cumulus  Studies  have  been  based  on  thorough  instru¬ 
mentation  of  the  natural  outdoor  laboratory  afforded  by  the  San  Francisco 
Peak  area.  Thus  special  radars,  cameras,  ground  instruments,  and 
airborne  instrumentation  had  to  lie  developed  or  adapted  to  this  task. 
Further,  the  operational  techniques  of  utilizing  these  devices  in  a  large 
coordinated  field  program  had  to  be  created,  and  methods  of  analysis 
developed  which  could  cope  with  the  voluminous  and  complex  data 
generated.  The  instrumentation  and  its  utilization  in  the  field  necessarily 
constituted  the  most  expensive  part  of  the  work  reported  here. 

Instrumentation  methods  and  techniques  of  use  are  described  to  some 
extent  in  the  separate  papers  which  are  part  of  this  report  and  in  the 
published  papers  submitted  earlier  to  NSF,  The  system  improved  steadily 
each  year.  The  over-all  measurement  and  data  reduction-analysis  system 
in  use  in  the  last  field  season  with  NSF  sponsorship  (1962)  (jointly  with 
USAERDL)  is  reviewed  briefly  in  the  MRI  Final  Report  of  the  USAERDL 
project  (May  1963).  The  final  system  will  be  described  in  the  forthcoming 
(May  1964)  Final  Report  on  the  USAERDL  project;  this  will  depict  the  final 
stage  of  development  of  the  field  system  which  originated  in  the  NSF-ARG 
work  and  evolved  considerably  thereafter  through  the  USAERDL  project. 

The  main  features  of  the  measurement  system  (essentially  the  19b2 
version  used  on  the  joint  MRI-ARG  Flagstaff  project)  will  he  reviewed  here. 

A  most  important  factor  is  the  instrumented  light  aircraft.  This  is 
flown  in  systematic  patterns  probing  lor  particular  factors:  horizontal 
traverses  through  thermals  and  clouds,  vertical  spirals  up  with  the 
thermal  core  into  cumulus  clouds  and  thunderstorm  cells,  spirals  down 
through  hail  shafts,  and  other  patterns.  Even  with  the  instrumentation 
designed  for  minimum  power  requirements,  it  is  necessary  to  install  a 
special  high  -ampere  generator  in  the  aircraft.  Recording  is  by  the  analog 
chart  method,  with  all  data  going  on  a  multichannel  Brush  recorder  of 
2  or  6  channels.  When  more  channels  are  desired  than  are  available  on 
the  recorder,  some  of  the  variables  are  cycled  to  share  a  channel  (each 
variable  repeated  once  per  second).  Event  marks  on  the  recorder  chart 
show  the  timing  of  a  clock,  of  all  radio  and  voice  data  transmissions,  of 
fiames  of  the  time-lapse  camera  looking  forward  at  the  clouds  and  flight 
instruments,  and  of  footage  of  the  continuous  particle  sampler.  The  basic 
variables  recorded  are  altitude  (via  light  follower  potentiometer  on  a 
standard  mechanical  altimeter,  giving  1000  feet  full  scale),  temperature 
(thermistor  in  a  vortex  housing,  multiscale  bridge),  turbulence  (Universal 
Turbulence  Indicator  operating  on  high  frequency,  longitudinal  velocity 
fluctuations  in  the  inertial  subrange),  mixing  ratio  (MRI  phosphorous 
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pentoxide  electrolyzing  unit),  liquid  water  content  {Johnson- Williams 
hot  wire  system),  infrared  with  a  Barnes  8-12  p  radiometer,  and  vertical 
potential  gradient  and  airplane  charge  (balanced  double  radioactive  probe 
sensors,  operational  amplifiers).  Special  variables  (hydrometeor  charge, 
conductivity,  space  charge)  are  added  as  desired.  A  magnetic  tape 
recorder  records  all  pertinent  verbal  information.  A  continuous  particle 
sampler  collects  cloud  droplets  and  crystals.  The  aircraft  is  equipped 
with  an  oil  fog  generator  to  make  certain  air  motions  visible.  The  aircraft 
is  linked  to  ground  control  by  123.  3  me  radios. 

A  Cessna  180  served  as  the  main  research  aircraft  in  1962.  It  would 
operate  regularly  to  20,000  feet,  and  was  used  to  above  23,  000  feet  in 
rising  cells.  A  supercharged  Aero -Commander  was  partially  instrumented 
and  employed  at  heights  to  27,  000  feet.  The  Ae ro -Commande r  was 
equipped  to  seed  by  releasing  large  amounts  of  pre-crushed  dry  ice.  Small 
quantities  of  dry  ice  pellets  were  occasionally  released  by  the  Cessna  180. 
Another  Cessna  180  with  USFS  Fuquay  acetone-type  silver  iodide  generators 
provided  the  main  seeding  capability.  The  U.S.  Forest  Service  contributed 
to  the  Flagstaff  program  by  supplying  the  generators  and  materials,  and 
Mr.  Fuquay  and  several  assistants  participated  in  the  work  at  Flagstaff. 

The  aircraft  were  tracked  with  an  MR-4  3.  2  cm  pencil  beam  radar  on 
PPI  --a  difficult  procedure  requiring  considerable  skill  on  the  part  of  the 
radar  operator.  In  previous  years  with  Air  Force  participation  a  radio¬ 
sonde  transmitter  was  installed  on  the  aircraft  and  the  aircraft  tracked 
satisfactorily  with  a  GMD-1.  However,  it  is  most  convenient  to  have  the 
aircraft  plotted  on  a  radar  screen  which  also  shows  precipitation  echoes. 

The  PPI  radar  and  another  MR -4  radar  used  in  the  RHI  mode  obtained 
details  of  the  precipitation  distribution  related  to  the  clouds  being  studied. 

Standard  time-lapse  cameras  were  used,  at  10  seconds  per  frame,  at 
the  airport  ground  control  and  several  other  locations.  Several  whole -sky 
cameras,  at  1  frame  per  minute,  filled  in  the  photographic  coverage. 
Associated  with  the  whole-sky  cameras  was  a  network  of  potential  gradient 
recorders.  Freezing  nuclei  measurements  were  made  at  the  ground  with 
the  supercooled  sugar  technique  with  a  dual  temperature  cold  box. 

Debugging  and  operating  such  a  complex  instrumentation  system 
required  the  dedicated  efforts  of  a  large  field  crew.  The  project  had  its 
share  of  frustrations  caused  both  by  rapid  changes  of  the  weather  being 
studied  and  by  the  difficulty  of  working  with  new,  sometimes  unproven 
equipment.  Each  summer  involved  instrumentation  system  development 
as  well  as  use  of  the  instrumentation  system. 
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The  next  stage  in  the  development  of  such  an  integrated  field  investi¬ 
gation  system  should  include  slightly  more  refined  aircraft  instrumentation, 
especially  with  a  better  de-icing  capability,  a  higher  flying  but  still 
maneuverable  airplane,  better  tracking  of  aircraft,  and  tracking  of  balloon 
tracers.  The  1963  USAERDL  program  included  some  of  these  improve¬ 
ments,  with  a  supercharged  light  twin-engined  Apache  as  the  main  reseaic  h 
aircraft,  and  an  M-33  radar  for  automatic  tracking  and  plotting  of  aircraft 
and  balloon  positions.  To  simplify  the  field  program  there  is  now  more 
emphasis  on  concentrating  on  making  the  aircraft  and  the  ground  control 
station  more  versatile,  and  minimizing  the  over-all  ground  network  except 
for  a  few  automatic  cameras  and  recorders. 
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F •  Conclusions  and  Recommendations 


The  Flagstaff  Cumulus  Studies  represent  a  broad  program  which 
rather  completely  instrumented  the  natural  convection  laboratory  and 
which  looked  simultaneously  into  many  different  factors  pertaining  to 
clouds,  precipitation,  and  electrification.  The  separate  papers  in  this 
report  give  conclusions  and  recommendations  along  specific  lines.  A 
tew  more  general  comments  will  be  given  here: 

1.  l’he  area  around  the  isolated  San  Francisco  Peaks  does  constitute  a 
uniquely  valuable  outdoor  laboratory,  as  was  first  recognized  by 
Dr.  V.  J.  Schaefer.  Meteorologically,  it  appears  ideal  as  an  area 
in  which  to  investigate  ice  phase  mechanisms  and  to  study  the  effect 
of  an  isolated  peak.  It  also  has  enough  variety  in  weather  to  provide 
a  good  spectrum  of  study  conditions.  It  features  pleasant  living 
conditions,  has  facilities  for  large  crews,  has  a  Weather  Bureau 
station,  a  fine  airport,  good  service  facilities,  a  dense  network  of 
roads  which  even  go  partially  up  the  peaks,  and  a  helpful  research 
climate,  wilh  the  Research  Center  of  the  Museum  of  Northern  Arizona, 
the  Lowed!  Observatory,  the  Naval  Observatory,  and  Arizona  State 
College.  Most  important,  there  is  now  a  background  of  experience 
with  the  area  --  experience  which  makes  each  investigation  there 
more  productive. 

2.  The  over-all  techniques  represented  by  the  coordinated- ai rplane  and 
ground  instrumentation,  the  techniques  of  using  the  devices,  and  the 
data  reduction  methods  have  proven  generally  satisfactory.  The 
techniques  of  spiraling  a  slow  flying  airplane  up  into  the  rising  core 

oi  a  cumulus  cloud  proved  to  be  particularly  valuable.  Future  projects 
which  concentrate  on  probing  the  natural  outdoor  laboratory  can  fruit  - 
iully  employ  the  same  methods,  with  the  main  change  being  in  using  a 
more  versatile,  higher  flying  aircraft,  and  being  able  to  use  instru¬ 
ments  which  are  now  more  proven. 

3.  The  convective  wake  behind  the  San  Francisco  Peaks  offers  a  relatively 
large  yet  steady-state  predictable  convective  system,  and  therefore 
presents  an  unusually  good  situation  for  performing  modification  trials 
on  convective  clouds  large  enough  to  be  of  economic  significance. 

4.  Although  many  continuing  basic  studies  are  still  desirable,  there  have 
been  enough  advances  in  the  quantitative  aspects  of  nuclei  generation, 
diffusion,  crystal  growth,  coalescence,  and  buoyancy  effects  to  warrant 
an  initial  rather  quantitative  development  of  seeding  techniques  for 
supercooled  clouds  without  coalescence -type  precipitation. 
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5. 


Cloud  electrification  studies  will  benefit  greatly  from  systematic 
aircraft  probings  of  charges  inside  the  cores  of  large  convective 
clouds.  Instrumentation  improvements  are  required  for  space 
charge  measurement. 

6.  The  data  which  have  already  been  obtained  during  the  Flagstaff 
Cumulus  Studies  warrant  considerably  more  analysis  than  time  and 
funds  have  permitted  so  far.  Case  studies  of  natural  and  artificial 
seeding  can  be  treated  by  some  of  the  quantitative  techniques  now 
available,  and  the  time-lapse  photographs  and  radar  records  offer 
a  unique  fund  of  data  for  cloud  dynamics  investigations. 

7.  The  technique  of  using  seeding  as  a  research  tool  has  worked  well, 
and  can  fruitfully  be  applied  more  extensively  for  advancing  know¬ 
ledge  of  cloud  microphysics,  electrification,  and  dynamics.  The 
physical  evaluation  employed  in  such  studies  also  yields  quantitative 
information  on  the  effects  of  seeding  for  practical  application. 
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ABSTRACT 


Examination  of  PPI  radar  records  and  time-lapse  cloud  photographs 
taken  during  the  summers  of  1961  and  1962  has  verified  the  existence  of 
a  localized  convection  region,  here  called  the  convective  mountain  wake, 
downwind  of  the  isolated  San  Francisco  Peaks  north  of  Flagstaff,  Arizona. 
The  convective  mountain  wake  represents  a  persistent  localized  major 
convective  phenomenon.  The  downwind  distance  of  the  wake  shows  a 
weak  positive  relationship  to  the  wind  speed  across  the  peaks.  The  region 
is  apparently  dependent  upon  (a)  inflow  of  heated  surface  air  into  the  wake, 
and  (b)  the  convective  release  there  of  latent  heat  of  condensation,  and  the 
phenomenon  may  be  linked  to  the  standing  wave  generated  by  the  peaks. 

1  he  observations  showed  the  convective  mountain  wake  existed  when 
the  14,  000-ft  wind  speed  exceeded  9  knots  or  the  wind  sheared  strongly 
with  height,  when  the  air  was  convectively  unstable,  when  there  was  strong 
solar  heating,  and  when  the  air  was  not  excessively  moist. 

The  dependency  of  tire  phenomenon  upon  moisture  is  examined.  It  is 
found  that  under  the  proper  wind  and  stability  conditions,  convective 
precipitation  is  confined  to  the  wake  region  when  the  precipitable  water 
content  of  the  air  is  below  2  cm.  When  the  moisture  content  is  above 
this  level,  convective  .precipitation  elements  are  observed  to  appear 
randomly  distributed  over  the  whole  Flagstaff  area. 


1.  Introduction 


It  is  becoming  increasingly  clear  that  isolated  peaks  and  low  ridges 
play  an  important  role  in  the  generation  of  convective  clouds  and 
p .  e c ipitation  (Forchtgott  1951,  Loewe  and  Radok  1955,  Hosier,  Davis 
and  Booker  1962), 

Figure  1  is  a  topographical  map  of  the  area  near  Flagstaff,  Arizona. 

It  can  be  seen  that  the  terrain  is  characterized  by  several  isolated  peaks 
extending  above  the  surroundings.  The  most  prominent  of  these  is 
Humphrey's  Peak,  extending  over  5000  ft  above  the  terrain.  The  topography 
in  this  area  makes  it  an  ideal  location  to  study  the  effects  of  an  isolated 
peak  on  the  micro-meteorology  of  the  region. 

In  an  earlier  report,  MacCready,  Smith,  Todd,  Chien  and  Woodward 
(  1963)  had  shown  that  under  conditions  of  early  morning  stability  and 
high  wind  speed,  the  San  Francisco  Peaks  may  generate  observable  lee 
waves,  that  convective  clouds  develop  in  the  wave  crests,  and  that  a 
considerable  amount  of  surface  air  flows  around  the  peaks  to  converge 
downstream  in  a  region  referred  to  as  the  wake.  It  was  suggested  that  the 
surface  flow  pattern  serves  to  collect  the  available  heat  from  the  low  levels 
into  the  wake  region  and  that  this  heat  plays  an  important  role  in  the 
generation  of  convective  clouds. 

It  is  the  aim  of  the  present  paper  to  examine  the  radar  echo  pattern 
to  determine  if  it  is  similarly  affected  by  the  peaks,  and  if  so,  how  the 
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Fig.  1.  THE  SAN  FRANCISCO  PEAKS  IN  NORTHERN  ARIZONA. 
The  range  circles  are  even  10  miles. 


wake  region  might  aid  in  the  development  of  the  precipitation.  Fig.  2  is 
presented  as  a  very  general  picture  of  the  flow  pattern  deduced  from  the 
observations  taken  by  MacCready  et  al.  (1963)  and  the  radar  echo  pattern 
observed  in  the  present  study.  It  is  not  meant  as  an  accurate  description 
of  the  flow  pattern,  as  the  data  are  not  complete  enough  to  draw  such  a 
picture.  It  is  instead  presented  to  give  the  reader  a  general  feeling  for 
the  problem  at  hand  and  to  indicate  the  important  regions  to  be  discussed 
in  the  body  of  the  paper.  It  is  noteworthy  to  state  here  that  by  the  time 
a  convective  cloud  has  developed  to  the  point  at  which  it  can  .’turn  a 
coherent  radar  echo,  it  has  probably  drifted  somewhat  downwind  of  its 
surface  heat  source.  In  the  present  study  this  means  that  the  surface 
wake  may  well  be  upstream  of  the  observed  convective  echo. 

2.  Data  Sources  and  Procedure 

The  data  used  in  this  investigation  were  obtained  from  three  sources: 
(1)  time-lapse  film  of  the  MR 4  (3  cm)  PP1  scope,  (2)  Radiosonde  runs 
taken  at  Flagstaff  Airport  in  1961  and  at  Navajo  Ordinance  Depot  and 
Winslow  in  1962,  and  (3)  lime-lapse  cloud  film  taken  at  Gray  Mountain, 
Valle  Camp,  llimmy  Jim  and  Flagstaff  Airport.  The  locations  of  all  of 
these  points  are  shown  in  Fig.  1. 

The  following  procedure  was  employed  to  reduce  the  data  into  useful 
form: 

1)  Trace  the  radar  echo  outlines  every  30  minutes  on  8-1/2  x  1  1 -inch 
acetate  overlays,  from  the  time  of  first  echo  appearance.  When 
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placed  one  upon  the  other,  these  tracings  show  the  areas  of 
greatest  echo  occurrence  and  the  general  direction  of  echo 
move  meat. 

2)  Note  the  direction  of  movement  of  the  clouds  and  radar  echoes. 
This  is  the  direction  to  which  the  expression  "downwind  of  the 
peaks"  refers. 

3)  Record  the  14,000-ft  wind  speed  from  the  radiosonde  reports. 
This  was  the  level  closest  to  the  top  of  the  peak,  at  which  wind 
data  could  be  constantly  obtained. 

4)  Compute,  from  tne  plotted  radiosonde  reports,  the  precipitable 
water  content,  of  the  complete  column  of  air. 

5)  Record  the  days  in  which  the  cloud  film  indicated  convective 
clouds  in  the  wake  of  one  or  more  of  the  peaks.  The  occurrence 
of  wake  clouds  was  used  as  the  final  indicator  of  the  phenomenon. 

b)  Divide  the  collected  data  into  two  categories.  "Wake  echo  days 

are  characterized  by  the  appearance  of  a  localized  region  of  echo 
formation  and  development  downwind  of  one  of  the  peaks.  Ihe 
"non-wake  echo  days"  are  those  on  which  this  localized  region 
does  not  appear. 

3.  Results 

The  data  collected  on  the  29  days  of  1961  and  1962  are  summarized 
in  Table  1.  It  can  be  seen  that  the  wake  echo  days  a;-e  characterized  by 
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Table  1.  Data  summary 


Wake  Echo  Days 


Date 

Downwind 

distance  of 
echo  maximum 

(Mi) 

1 4,000-ft 
wind  speed 
(knots  ) 

Pr  ecipitable 

water 

(cm) 

17  July 

10 

4 

1.7  1 

18  July 

38 

12 

1.  33 

19  July 

20 

10 

1.  24 

20  July 

1961 

23 

24 

1.  33 

24  July 

12 

8 

1.  38 

1  August 

3 

4 

1. 45  1 

5  August 

5 

8 

L  76  J 

17  July 

20 

27 

1.  55 

18  July 

15 

19 

1.  90 

19  July 

9 

1 1 

2.  00 

20  July 

25 

24 

1.  33 

21  July 

1962 

17 

13 

1.  85 

28  July 

20 

1  1 

1.  55 

27  July 

4 

5 

1.  60 

31  July 

10 

17 

1. 90 

7  August 

12 

21 

1.15 

10  August 

15 

20 

1 .  50 

Non-  Wake 

Echo  Da 

ays 

Date 

14,0  00- ft 

Precipitable 

wind  speed 

wate  r 

(knots) 

(cm) 

26  July 

4 

1.78  1 

27  July 

6 

1.  99  r 

28  July 

1961 

3 

2.  34 

30  July 

6 

2.  25 

2  August 

2 

2.  47 

23  July 

15 

2.  55 

28  July 

6 

1.  90 

1  August 

3 

1 . 40 

2  August 

1962 

10 

2.  00 

3  August 

21 

2.  05 

13  August 

2 

2.  00  1 

14  August 

Calm 

1.  65  | 

Remarks 


Strong  vertical 
wind  shear  aloft 


Remarks 


Con  v  ec  ti  ve  1  y 
s  tab]  e 


Convectively  Stable 
Light  wind  aloft 

Light  wind  aloft 
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low  moisture  content  and  eitner  high  wind  speeds  or  strong  vertical 
wind  shear.  The  non-wake  echo  days  are  characterized  by  high  moisture 
content,  convective  stability  and/or  light  winds. 

10  August  1962  is  a  good  example  of  a  wake  echo  day  in  which  the 
wake  region  displayed  an  echo  maximum  for  several  hours.  Fig.  3 
is  a  schematic  representation  of  the  PPI  scope  as  it  appeared  on  this 
day.  For  simplicity,  the  representations  are  shown  at  one  hour  intervals, 
the  ground  clutter  has  been  removed  and  the  range  markers  shown  for 
every  10  miles.  The  local  time  is  shown  in  the  upper  right  corner. 

The  arrow  in  tire  center  indicates  the  mean  wind  direction  as  derived 
from  the  echo  movement.  Note  that  the  echo  maximum  is  directly  down¬ 
wind  of  Humphrey's  Peak  and  that  there  are  few  echoes  elsewhere  on 
the  scope. 

26  July  1961  is  an  illustrative  example  of  a  day  in  which  the  echoes 
are  not  restricted  to  a  localized  region  downwind  of  the  peaks.  Fig.  4 
depicts  the  PPI  scope  as  it  appeared  on  this  non-wake  echo  day.  The 
symbols  are  the  same  as  those  in  Fig.  3. 

Figure  5  shows  a  plot  of  PI,  000-ft.  wind  speed  versus  precipitable 
water  content  of  the  air.  Notice  that  the  wake  echo  days  (x)  fall  in  a 
localized  region  of  the  plot  outlined  by  the  dashed  line.  The  exact  bounds 
of  this  region  on  this  plot  is  as  yet  not  known,  but  the  existence  of  such 
a  region  does  seem  definite  from  Fig.  5,  and  such  a  region  would  be 
expected  to  exist  on  the  basis  of  physical  reasoning  to  be  given  below. 


1034  MST 


1  129  MST 


Fig.  4.  SCHEMATIC  REPRESENTATION  OF  PPI  SCOPE  AS  IT  APPEARED 
ON  26  JULY  1961, 


Symbols  same  as  in  Fig.  3.  ( K,  Kendrick;  M,  Mormon  Mt.  ) 


(iuo)  3|qE}idi oaaj 


Wind  Speed  at  14,  000  feet 

Fia  5  A  PLOT  OF  PRECIPITABLE  WATER  VS.  HORIZONTAL  WIND  SPEED  OVER  THE 
PEAKS,  SHOWING  CONDITION  OF  WAKE  ECHO  OCCURRENCE. 


Figure  6  shows  a  plot  of  14,000-ft  wind  speed  versus  downwind 
distance  of  the  echo  maximum.  This  figure  shows  a  weak  positive 
relationship  between  the  variables. 

4.  History  and  Discussion 

Since  the  1920's,  meteorologists  have  been  observing  the  lee  wave 
phenomenon.  The  greatest  majority  of  the  papers  resulting  from  these 
observations  deal  with  waves  generated  by  continuous  ridges  (Kuettner 
1939,  Manley  1945,  Forchtgott  1949,  Larsson  1954,  Holmboe  and 
Klieforth  1957,  Hosier,  Davis  and  Booker  1962).  These  plus  several 
theoretical  studies  (Lyra  1943,  Queney  1947,  Scorer  1949,  Corby  and 
Sawyer  1958)  have  provided  a  good  general  picture  of  the  lee  waves  that 
exist  in  the  vicinity  of  long  mountain  ridges. 

The  problem  of  isolated  peaks  acting  as  obstacles  to  the  flow  of  air, 
however,  has  not  been  as  clearly  defined.  Mathematically,  the  problem 
is  far  more  diflicult  as  it  must  be  solved  in  three  dimensions.  A  few 
attempts  have  been  made  in  this  direction  (Scorer  1953,  1954,  1956, 
Scorer  and  Wilkinson  1956,  Wurtele  1957),  but  most  of  the  information 
about  this  type  of  disturbance  comes  from  observations  (Forchtgott  1951, 
Loewe  and  Radok  1954,  MacCready,  Smith,  Todd,  Chien  and  Woodward 
1  963).  It  is  from  these  reports  that  a  picture  resembling  that  shown  in 
Fig.  2  has  evolved. 
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Distance  Downstream 

PLOT  OF  DISTANCE  OF  WAKE  FROM  PEAKS  VS.  HORIZONTAL  WIND  SPEED  OVER 
THE  PEAKS,  SHOWING  WEAK  POSITIVE  RELATIONSHIP. 


Silverman  (i960)  showed  that  air  impinging  upon  an  isolated  peak, 
displays  a  strong  preference  to  go  around  rather  than  over  the  peak, 
under  the  type  of  stability  conditions  present  in  Arizona.  While  his 
observations  were  taken  near  Tuscon,  Arizona,  the  conditions  are 
similar  to  those  at. Flagstaff.  This  type  of  flow  will  bring  considerable 
amounts  of  surface  heat  into  a  localized  region  of  surface  convergence, 
which  is  referred  to  as  the  wake.  When  supported  by  upper  level 
divergence,  as  was  shown  to  exist  to  the  lee  of  the  peaks  by  Glass  and 
Carlson  (1963)  (their  Fig.  7  shows  a  divergent  wind  field  as  deduced  by 
thermal  tuft  trajectories)  the  wake  becomes  a  region  of  strong  persisting 
updrafts.  When  a  convectively  unstable  air  mass  with  the  correct 
amount  of  moisture  is  introduced  into  this  updraft,  convective  precipita- 
tive  elements  can  be  expected  to  develop.  The  convective  instability 
requirement  is  necessary  because  (  1  )  if  the  air  is  absolutely  unstable 
the  convective  precipitation  will  break  out  outside,  as  well  as  within  the 
wake  and  (2)  if  the  air  is  convectively  stable  the  strong  updrafts  will 
have  no  destabilizing  ef  ect.  In  the  first  case  the  wake  region  will  either 
be  masked  or  even  destroyed  by  mixing.  In  the  second  instance  the 
convective  elements  will  not  be  made  buoyant. 

Possibly  most  important,  however,  is  the  requirement  of  correct 
moisture  content  of  the  air.  If  the  air  is  too  dry,  it  simply  is  not 
capable  of  producing  strong  convective  precipitation  even  in  the  presence 
of  strong  updrafts.  There  is  not  sufficient  data  present  to  define  this 
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lower  limit  of  moisture.  If  the  air  is  too  moist,  small  isolated  local 
heat  sources  outside  the  wake  will  very  quickly  be  aided  by  latent  heat 
of  condensation  and  convective  elements  may  grow  within  these.  Under 
these  conditions  a  situation  similar  to  that  of  absolute  instability  will 
result.  With  precipitable  water  contents  above  2  cm,  this  condition 
appears  to  exist.  Within  the  precipitable  water  range  between  the  lower 
limit  and  about  2.  10  cm,  and  with  convectively  unstable  air  flowing 
around  the  peaks,  the  wake  region  is  one  of  convective  precipitation  maxi¬ 
mum.  Fig.  5  shows  that  at  low  wind  speeds,  the  range  of  favorable 
precipitable  water  content  decreases.  This  is  because  at  these  low  wind 
speeds  the  convergence  of  surface  heat  is  not  as  effective.  The  lower 
moisture  limit  must  rise  as  the  updrafts  are  not  as  strong  as  before  and 
the  upper  limit  must  fall  as  surface  heat  is  not  as  rapidly  removed  from 
other  potential  thermal  heat  sources. 

Little  has  been  said  about  the  role  of  the  lee  wave  in  tile  development 
of  wake  precipitation.  At  the  present  time  its  role  is  in  doubt.  Alalia 
(1958)  states  that  development  of  waves  to  the  lee  of  an  isolated  peak  is 
less  likely  than  in  the  case  of  a  long  ridge,  but  that  their  occurrence  is 
possible.  Such  waves  would  have  a  relatively  small  amplitude  and  would 
rapidly  die  away  downstream.  It  appears  that  the  importance  of  the  wave, 
if  any,  is  in  the  development  of  the  upper  level  divergence,  necessary  to 
sustain  the  updrafts. 
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9.  Conclusions  and  Recommendations 

Under  the  proper  conditions  of  wind  and  stability,  moisture  plays 
a  pivotal  role  in  the  confinement  of  convective  echoes  to  the  localized 
wake  downwind  of  the  San  Francisco  Peaks,  Arizona.  When  the  precipi- 
table  water  content  of  convectively  unstable  air  flowing  around  the  peaks 
is  between  some  lower  limit,  as  yet  undefined,  and  about  2  cm,  the  wake 
echoes  appear. 

Little  is  known  about  the  structure  of  the  wake  region  beyond  the 
fact  that  it  is  an  area  of  low  level  convergence.  It  seems  necessary  that 
there  be  an  upper  level  divergence  region  to  sustain  the  convergence  and 
persistent  updrafts.  As  yet,  the  depth  and  limits  of  the  convergence  and 
expected  divergence  regions  are  unknown  as  well  as  is  the  quantity  of 
surface  heat  collected  into  the  wake.  At  the  present  time,  it  is  possible 
only  to  make  a  very  general  three  dimensional  picture  of  the  flow  (Fig.  2). 

Little  is  known  about  the  thermodynamics  of  the  wake  clouds  except 
to  say  that  on  the  wake  echo  days,  the  air  was  convectively  unstable. 

It  is  in  the  above  two  areas  that  most  of  the  future  work  should  be 
centered.  Mesoscale  observations  of  surface  temperature,  pressure  and 
wind,  vertical  soundings  through  key  places  in  and  around  the  wake,  as 
well  as  detailed  radar  and  cloud  observations  should  be  made.  It  would 
be  interesting  to  make  many  of  the  above  observations  at  night  or  under 
overcast  conditions  when  the  importance  of  surface  heat  (or  the  lack  of  it) 
would  become  apparent. 
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Finally,  it  might  be  useful  to  model  the  San  Francisco  Peaks  in  the 
laboratory  where  the  effects  of  wind,  moisture,  stability,  insolation, 
etc.  ,  could  be  studied  individually. 
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ABSTRACT 


During  a  one-hour  interval  while  a  mountain  cumulue  cloud  system 
was  developing  into  a  cumulonimbus,  in  a  light  wind  condition  over  an 
isolated  peak,  a  series  of  17  traverses  were  made  through  the  clouds  by 
an  instrumented  aircraft.  Time-lapse  cloud  photographs  and  radar  records 
were  available  for  the  same  sequence.  The  observations  are  presented  and 
briefly  analyzed.  The  cloud  towers  had  active  lives  which  started  out  at 
two  minutes  and  increased  to  more  than  30  minutes  as  the  clouds  developed. 
Deep  in  the  cloud  the  aircraft  was  able  to  find  the  same  updrafts  on  con¬ 
secutive  traverses  for  from  7  to  18  minutes.  The  updrafts  observed  by  the 
aircraft  within  the  cloud  had  vertical  velocities  two  to  three  times  as  great 
as  the  maximum  rate  of  rise  of  the  towers.  The  length  of  the  vertical  flow 
of  air  past  the  flight  level  for  a  typical  updraft  was  18,  000  feet  or  more, 
while  the  diameter  of  the  updraft  was  only  3,  000  feet.  The  towers  broadened 
somewhat  as  the  cloud  developed  and  became  rapidly  broader  just  as  the 
first  radar  echoes  occurred.  The  gross  features  of  the  convective  cells 
were  in  general  agreement  with  the  "starting  plume"  treated  by  J.  G.  Turner 
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1. 


Introduction 


During  tho  course  of  cumulus  cloud  studies  at  Flagstaff,  Arizona,  on 
10  August  1960,  the  meteorological  situation,  the  aircraft  positioning,  the 
aircraft  measurements,  the  radar  records,  and  the  time-lapse  cloud  photo¬ 
graphs  all  comhined  to  yield  an  especially  informative  observational  sequence 
of  cumulus  development.  The  sequence  featured  a  series  of  systematic 
aircraft  traverses  through  the  cumulus  area  over  the  sun-heated  slopes  of 
the  isolated  San  Francisco  Peaks,  north  of  Flagstaff,  on  a  day  with  light 
surface  winds.  The  data  particularly  illuminated  features  of  the  continuity 
and  duration  of  cumulus  cloud  updrafts.  This  paper  presents  the  observations 
and  analyzes  them  briefly. 

Other  sequences  of  aircraft  traverses  conducted  for  study  of  mountain 
convection  have  been  reported  on  by  Braham  and  Draginis  (I960)  and  also 
Silverman  (  1960).  These  flights  were  mainly  carried  out  on  relatively 
cloudless  days  where  only  small  convective  clouds  developed  over  the  mountains. 
The  present  study,  on  the  other  hand,  follows  through  the  cloud  development 
to  the  start  of  the  precipitation  stage.  This  study  reinforces  some  of  the 
findings  made  in  the  clear  air  studies  and  sheds  some  light  on  the  questions 
not  answered  in  these  studies.  The  advantage  of  this  study  over  the  clear 
air  convection  studies  is  the  use  of  time-lapse  motion  pictures  of  the  clouds 
in  which  the  aircraft  is  traversing.  A  great  deal  of  information  about  the 
continuity  of  the  convection  was  gathered  by  this  technique. 
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2.  Over-nil  situation. 


At  Flagstafl  August  10  began  with  clear  sky  and  excellent  visibility. 

16  mm  time-lapse  cameras  at  the  Flag  staff  Ai  rport  showed  the  first 
cumulus  puffs  over  the  San  Francisco  Peaks,  13  miles  to  the  north,  at  0828 
MST.  The  small  cumulus  clouds  appeared  and  disappeared  until  0962  MST, 
after  which  time  there  were  always  active  towers.  The  view  remained 
unobstructed  until  after  a  radar  echo  developed  at  1034  MST.  The 
cloud  observation  aircraft,  a  specially  instrumented  Cessna  180,  started 
cloud  traverses  at  0934  MST  and  continued  until  1028  MST  when  the  aircraft 
descended  to  de-ice.  Seventeen  cloud  traverses  were  made  over  the  Peaks 
in  rapid  succession  from  east  to  west  and  back  again  during  this  interval. 
These  traverses  followed  virtually  the  same  track  but  lengthened  as  the 
cloud  grew  wider.  It  is  the  duration  of  the  sequence  of  cloud  traverses 
made  in  such  rapid  succession  that  makes  this  investigation  unique.  After 
the  de-icing  from  1038  to  1052  MST  four  additional  traverses  were  made. 

The  cloud  situation  had  become  so  complex  by  then  that  these  later  traverses 
are  not  presented  here. 

3.  Equipment. 

The  instruments  on  the  Cessna  180  pertinent  to  this  flight  were  altimeter, 
thermistor  thermometer  with  l/2-second  time  constant,  and  a  Johnson- 
Williams  hot-wire  type  liquid  water  instrument.  These  variables  were 
recorded  on  a  time  sharing  basis  on  a  2-channel  Brush  recorder.  The 
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aircraft  flight  path  wan  taken  from  the  radar  (luring  the  partn  of  the  flight 
that  were  followed  hy  radar.  The  rest  of  the  flight  path  wan  reconstructed 
fr  om  the  observer's  log  and  from  the  time  and  location  of  cloud  penetration. 
Because  the  cloud  had  a  distinct  profile  in  the  direction  of  flight,  it  wan 
possible  to  define  the  flight  path  oasily. 

Time-lapse  photographs  were  taken  with  two  lb  mm  cameras  from  the 
Flagstaff  Airport  (Fig.  1,  map).  Each  camera  uned  a  10  mm  lens  giving  a 
field  view  of  55*;  the  cameras'  fields  overlapped  5*  and  produced  a  total 
view  of  105*.  Pictures  were  taken  at  30-necond  intervals  before  the  aircraft 
started  traversing,  and  after  this  time  the  interval  was  shortened  to  12 
seconds. 

Bcnides  the  two  16  mm  wide-angle  cameras  located  at  the  Airport,  there 
were  two  full -sky  cameras  operated  at  one  frame  per  minute.  One  was  just 
to  the  south  of  the  peaks  and  the  other  was  to  the  west  of  the  Peaks.  With 
these  it  was  possible  to  locate  the  first  clouds  and  some  features  of  the  cloud 
bases  accurately.  The  cloud  tops,  however,  were  observed  only  from  the 
Airport  and,  therefore,  were  located  only  approximately  in  distance.  Because 
of  this,  the  heights  and  growth  rates  could  have  estimated  errors  on  the  order 
of  ±10  per  cent,  an  amount  of  error  which  would  not  materially  alter  any 
conclusion  from  these  studies. 

Two  MR-4  X-band  radars  were  used  from  Flagstaff  Airport.  One 
operated  in  RHI  mode  and  the  other  in  PPI,  giving  records  of  both  the  height 
and  horizontal  cross  sections  of  the  precipitation  areas.  The  PPI  photographic 
records  also  showed  the  aircraft  track. 
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Fig.  1.  MAP  OF  THE  FLAGSTAFF  AREA  SHOWING  THE  LOCATION 
OF  CAMERAS  AND  RADAR  SITES. 


4.  Observations. 


On  August  10  the  surface  wind  measured  at  the  Flagstaff  Airport  was 
calm  at  0700  MST.  Then  a  wind  developed  from  the  south  becoming 
9  mph  by  1000  MST.  The  wind  aloft  was  light  up  to  about  15,  000  feet,  at 
which  altitude  it  backed  from  the  east. 

Figure  2a-b  is  a  time  diagram  of  the  evolution  of  the  cumulus  cloud 
towers  that  emerged  from  the  cloud  system  over  the  San  Francisco  Peaks. 
It  begins  with  the  first  puff  at  0824  MST  and  follows  through  until  1045 
MST.  A  profile  of  the  mountains  taken  from  the  south  serves  to  orient 
the  cloud  development.  The  east -west  positions  of  the  towers  are  given 
in  their  proper  locations  with  respect  to  the  mountain  profile.  The  width 
of  the  towers  and  their  drift  as  they  sheared  to  the  west  are  shown  to 
scale.  At  the  right  side  of  the  chart  is  a  height  history  of  the  cloud  tops 
given  on  the  name  time  scale  as  the  east-west  histories  of  the  towers. 
These  two  can  be  matched  for  individual  cloud  towers. 

A  general  feature  shown  in  Fig.  2a-b  is  that  the  cloud  system  grew  in 
a  series  of  surges.  The  first  visible  surge  produced  just  two  cloud  puffs 
or  towers  and  lasted  for  about  5  minutes.  The  next  surge  produced  five 
small  isolated  towers  and  lasted  for  10  minutes.  There  was  another 
10-minute  surge  with  two  towers,  and  then  the  cloud  died  out.  Next,  a 
bigger  surge  lasted  for  over  30  minutes  and  produced  12  towers.  After 
this  came  a  sustained  surge  that  produced  over  20  towers  which  increased 
progressively  in  height  and  breadth  for  over  one  hour  and  20  minutes  and 
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FLg.  2.  TIME  SECTIONS  OF  THE  CLOUD  TOWERS  AND  AIRCRAFT  TRACK. 

Upper  section  shows  horizontal  location  of  cloud  towers  with  respect  to  the 
Peaks.  Shaded  areas  indicate  regions  of  updrafts  within  the  cloud  as  found  by 
the  aircraft.  The  lower  section  shows  the  time-height  histories  of  cloud  towers. 
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caused  rain.  As  a  final  result  there  were  broader,  taller  towers  lasting 
longer  and  having  faster  rates  of  rise  as  they  emerged  from  the  cloud  top. 

It  was  quite  apparent  that  the  width,  duration,  and  height  of  the  towers 
all  increased  with  time.  A  radar  echo  appeared  at  1034  MST.  The  width, 
east-west  location,  and  height  are  shown  on  the  cloud  tower  chart. 

It  is  interesting  to  note  that  this  echo  started  when  the  towers  exceeded 
a  cross  section  of  3000  feet  and  a  height  of  25,  000  feet  MSL,.  The 
W'dth  of  the  echo  started  at  3000  feet  and  within  four  minutes  spread  to 
6000  feet. 

The  aircraft  traversed  from  east  to  west  and  west  to  east  over  the 
mountains.  Its  east-west  time  position  appears  on  the  cloud  tower  chart, 
Fig.  2a-b.  Its  altitude  is  shown  on  the  time -height  chart. 

The  aircraft  was  flown  at  a  constant  power  setting  and  attitude  during 
the  traverses,  and  being  a  light  aircraft  it  responded  rapidly  to  the  up- 
and  downdrafts.  For  the  purpose  of  these  observations  it  is  assumed 
that  the  velocities  of  the  up-  and  downdrafts  can  be  measured  from  the 
slope  of  the  altimeter  traces  These  velocities  are  plotted  along  the  flight 
path  (Fig.  3)  with  the  updrafts  plotted  on  the  positive  side  of  the  line  and 
the  downdrafts  plotted  on  the  negative  side  of  the  line.  The  updrafts  were 
analyzed  for  continuity,  and  those  which  were  considered  to  be  consecutive 
encounters  of  the  same  updraft  were  joined  into  shaded  areas.  These 
shaded  areas  of  updraft  have  been  added  to  Fig.  2a-b  for  comparison  with 
the  observed  continuity  of  tower  development. 
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The  numbers  to  the  right  of  the  lines  indicate  updraft  velocities;  the  numbers 
to  the  left  indicate  downdrafts  (  1000  ft  min"1).  The  updraft  regions  are  shaded 
to  show  continuity. 


S.  Analynln. 


Figure  4a  summarizes  the  length  of  time  the  towers  and  updrafts 
can  be  recognized,  and  It  shown  how  the  towers  developed  from  2 -minute 
lifetimes  to  15-  to  20-minute  lifetimes  with  the  extreme  cases  about  30 
minutes.  "Lifetime"  here  refers  to  the  time  when  a  tower  was  identifiable, 
and  so  can  include  some  periods  when  the  tower  was  not  growing  vigorously. 
The  towers  have  dimensions  similar  to  those  found  by  Glass  and  Carlson 
(1963).  Updrafts  found  by  the  aircraft  shown  in  Fig.  3  indicate  a  duration 
of  7  to  18  minutes.  The  fact  that  the  aircraft  did  not  intercept  a  particular 
updraft  in  a  traverse  may  merely  indicate  that  the  localized  upeurrent  was 
missed.  The  aircraft  was  able  to  find  that  updrafts  deep  in  Ihe  cloud  had 
considerable  continuity,  comparable  to  the  active  growth  period  exhibited 
by  the  towers  at  the  top  of  the  cloud. 

The  evolution  of  tower  widths  (Fig.  4b)  showed  little  real  increase 
until  after  1000  MST ,  and  these  widths  were  roughly  the  same  as  those  of 
the  updrafts  found  by  the  aircraft  deep  in  the  cloud.  The  widths  of  the 
radar  echoes,  also  plotted  on  Fig.  4b,  show  that  by  the  time  they  occurred 
the  convection  seemed  to  be  getting  broader. 

The  maximum  rate  of  rise  exhibited  by  the  towers  is  shown  as  a 
function  of  time  in  the  life  of  the  cloud  system  in  Fig.  4c.  The  observed 
aircraft  updraft  velocities  are  also  plotted.  These  show  upward  velocities 
two  to  three  times  greater  than  the  rate  of  rise  of  tower  tops  at  the  3ame 
time  in  the  cloud.  The  tower  top  rise  rates  represent  averages  over 
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O  Towers  taken  from  time-lapse  photo-  _i_ 
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4-  Updrafts  from  aircraft 
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Fig.  4.  A  SUMMARY  OF  INFORMATION  ON  INDIVIDUAL  TOWERS  AND 
UPDRAFTS  DEPICTED  IN  FIGS.  2  AND  3. 


several  m  inn  ton;  the  aircraft  vertical  velocitien  repre  nent  a  vn  rape  n  of 
about  2000  foot  of  the  traverne. 

The  shear  rate  of  the  towers  (Fig.  5)  varies  markedly  at  low  levels 
suggesting  that  there  is  a  localized  mountain  effect  on  the  wind  apparently 
producing  a  narrow  jet  as  much  as  "1000  feet  above  the  tops  of  the 
San  Francisco  Peaks  (  12,  680  MSL).  There  is  an  apparent  minimum  wind 
at  2  0,  000  feet  with  an  increase  to  25,  000  feet  where  the  wind  component 
from  the  east  is  800  feet  min-1  . 

A  study  of  a  typical  updraft  which  reveals  some  interesting  character¬ 
istics  is  shown  in  Fig.  6.  This  is  updraft  C  from  Fig.  3.  The 
coordinates  are  width  of  the  updraft  versus  length  of  flow.  If  the  length 
of  the  stream  of  air  that  flows  past  the  flight  level  is  J?  and  the  velocity 
of  the  updraft  as  measured  by  the  aircraft  is  w  at  time  t  ,  then 

fini  sh 

_/  =  J  w  dt 

start 

from  the  start  of  the  updraft  to  the  finish.  For  updraft  C  shown  in  Fig.  6a, 
£  from  start  to  finish  is  18,  000  feet  while  the  widest  point  found  by  the 
aircraft  is  3000  feet.  Time  is  plotted  along  the  length  scale  at  appropriate 
points. 

Figure  6b  shows  the  liquid  water  (LW)  content  plotted  on  the  updraft 
flow  chart  for  the  times  of  the  aircraft  traverses.  The  LW  is  compared 
with  the  adiabatic  liquid  water  content  for  that  altitude  above  cloud  base. 
When  the  updraft  was  first  detected  at  flight  level  the  LW  was  nearly 
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Fig.  5.  WESTWARD  COMPONENT  OF  TOWER  DRIFT 
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Fig.  6.  VARIATIONS  DURING  THE  LIFE  OF  AN  UPDRAFT. 


a.  The  length  of  flow  past  the  flight  level  shown  with  respect  to  the  width 
of  the  updraft,  b.  The  liquid  water  encountered  by  the  aircraft  plotted  with 
respect  to  its  location  on  the  length  and  width  of  the  flow.  c.  The  temperature 
excess  over  the  temperature  of  the  environment  plotted  with  respect  to  its 
location  on  the  length  and  width  of  the  updraft. 


adiabatic,  and  it  remained  so  while  the  updraft  was  vigorous,  hut  as  the 
updraft  died  out  the  LW  decreased  as  if  to  Indicate  mixing  of  the  updraft 
with  drier  air. 

Figure  6c  sh  ows  the  temperature  plot  with  respect  to  the  updraft 
column.  The  temperature  base  line  refers  to  the  temperature  of  the  air 
outside  of  the  cloud.  The  temperature  trace  shows  many  of  the  same 
characteristics  as  does  the  liquid  water  content  curve  (Fig.  6b).  In 
particular,  the  early  stages  of  the  updraft  indicated  vigorous  undiluted 
convection  with  sharply  defined  excesses,  but  as  the  updraft  died  it 
became  diluted  and  lost  its  buoyancy. 

The  question  arises  as  to  how  well  the  updrafts  intercepted  by  the 
aircraft  relate  to  the  towers  rising  above  the  cloud  tops.  A  return  to 
Fig.  2a-b  shows  that  there  is  an  immediate  apparent  relationship.  Some 
details,  however,  must  be  interpreted  subjectively.  There  are  towers 
that  do  not  relate  to  updrafts  found  by  the  aircraft.  This  could  be  hecause 
their  updrafts  are  either  north  or  south  of  the  flight  path.  There  is  a 
down-shear  offset  of  the  tower  from  the  updraft  deep  in  the  cloud.  This 
offset  is  dependent  on  the  upward  velocity  and  the  shear  and  is  difficult 
to  interpret. 

An  attempt  was  also  made  to  relate  the  towers  and  the  updrafts  to  their 
sources.  The  factors  that  were  considered  important  in  creating  a  source 
on  this  day  of  clear  skies  and  light  winds  were:  the  relative  intensity  of 
solar  heating,  the  height  of  the  surface,  and  the  size  of  the  potential  source 
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area.  A  map  (Fig.  7)  wn  •:  con st.ruc tod  relating  sloping  terrain  to  the 
solar  angle  for  0900  MSI’  on  August  10.  This  was  constructed  hy  dividing 
the  Peaks  region  into  areas  of  like  slope  as  indicated  on  a  topographical 
map.  The  slope  of  these  areas  was  compared  to  the  sun's  zenith  angle, 
and  the.  resulting  cosine  of  the  solar  angle  to  the  terrain  was  entered  for 
the  map  region.  The  cloud  updrafts  and  towers  would  drift  some  from  the 
source  regions,  but  for  the  earliest  cloud  puffs  over  each  of  the  mountain 
masses  from  the  cloud  triangulation  there  seemed  little  doubt  that  the 
rising  air  could  he  related  to  slopes  of  most  favorable  sun  angle.  Compari¬ 
son  of  Fig.  2  and  Fig.  7  suggests  this  relationship.  The  higher  the  mountain 
slopes  the  earlier  the  cloud  puffs  appeared.  Those  over  the  highest  of  the 
San  Francisco  Peaks  appeared  about  50  minutes  earlier  than  those  over 
some  of  the  lesser  mountains  (Elden  Mountain  and  Kendrick  Mountain). 

As  the  clouds  grew  more  mature  and  the  visible  active  parts  were 
higher  above  the  sources  the  relating  of  the  towers  to  the  sources  became 
less  certain  because  the  rate  of  rise  throughout  the  updraft  and  the  shear 
across  the  updraft  were  uncertain.  A  little  freedom  of  interpretation  still 
made  it  possible  to  relate  the  towers  to  the  larger  regions  of  favorable  solar 
angle. 

6.  Discussion. 

This  sequence  of  observations  has  offered  an  opportunity  to  study  the 
general  features  as  well  as  the  succession  of  cloud  towers  and  internal 
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ii|id  raff"  tit  ,1  inmml.iii,  stimulus  as  ii  di>  v  r  loped  from  the  first  puffs  to 
a  cumulonimbus.  This  cloud  developed  when  the  low  level  winfls  were 
light  and  it  is  assumed  that  it  was  fed  primarily  hy  air  currents  heated 
on  the  sun  warmed  mountain  slopes.  The  location  of  the  active  cloud 
lowers  seemed  to  correspond  to  the  slope  areas  with  most  favorable  sun 
angle,  the  higher  the  slope  the  earlier  it  produced  an  active  cloud  lower. 

I  he  active  life  as  well  as  the  total  life  of  the  individual  cloud  towers 
grew  longei  as  the  cloud  matured.  The  successive  towers  grew  gradually 
wider  as  the  cloud  developed,  but  there  was  a  marked  broadening  of  the 
towers  just  prior  to  and  during  the  development  of  the  first  echo.  The 
aircraft  found  upenrrents  deep  in  the  cloud  in  the  same  relative  position 
on  several  consecutive  traverses  indicating  that  these  updrafts  had  lives 
of  at  least  7  to  I  8  minutes.  They  might  have  lasted  longer  and  been 
missed  by  the  aircraft  if  the  track  did  not  coincide  with  the  drifting  core. 

These  updrafts  within  the  clouds  were  found  to  have  significant 
maximum  velocity  regions  that  were  approximately  2  or  3  times  greater 
than  the  maximum  rate  of  rise  of  the  tower  tops.  From  the  length  of  life 
of  the  internal  updrafts  and  thei  r' vertical  velocities  it  was  deduced  that 
typically  more  than  18,000  feet  of  air  streamed  past  the  flight  level 
thiongh  a  3,000  foot  wide  updraft.  This  picture  invites  comparison  wiLh 
a  model  presented  by  Turner  (1962)  which  he  calls  the  "starting  plume". 

It  consists  of  a  buoyant  plume  capped  by  a  thermal  or  vortex,  the  top  of 
which  is  rising  while  the  bottom  is  being  fed  by  its  source.  Turner's  model 
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Is  for  a  neutral  surrounding,  a  source  from  which  the  Input  is  of  a  constant 
density,  and  a  fluid  in  which  there  is  no  energy  Introduced  by  a  change  of 
state  so  there  is  neither  evaporation  nor  condensation.  Any  comparison 
can  be  only  qualitative,  but  the  gross  features  of  a  growing  cloud  tower, 
with  a  vortex  top  being  fed  by  a  long  buoyant  plume  which  during  parts  of 
the  life  cycle  may  extend  clear  to  the  heat  source,  seems  to  correspond  to 
what  is  observed  here.  In  this  model  the  updraft  rate  In  the  buoyant  plume 
should  be  more  than  twice  the  rate  of  rise  of  the  cloud  top;  Just  how  much 
depends  upon  how  far  below  the  top  the  updraft  rate  is  measured.  In  the 
actual  cloud,  the  ratio  of  these  velocities  depends  not  only  on  the  model 
considerations  but  also  on  the  buoyancy  with  respect  to  the  environment. 
During  the  life  of  the  updrafts  as  observed  at  flight  level  there  were 
variations  in  the  vertical  velocity,  liquid  water  content,  and  temperature 
excess  of  the  cloud  over  that  of  the  environment.  These  should  be  reflected 
in  the  rates  of  rise  and  heights  of  penetrations  of  the  towers.  These  sorts 
of  variations  are  found  in  the  tower  histories,  but  due  to  the  height  separa¬ 
tion,  the  flight  path,  and  the  visible  tower,  it  was  not  possible  to  trace  this 
relationship  out  on  an  individual  tower  basis  with  certainty. 

In  some  respects  the  cloud  towers  seem  to  be  independent  of  each  other, 
yet  in  other  respects  they  act  as  if  they  were  all  governed  by  the  same  con¬ 
trolling  forces.  The  factors  that  have  to  do  with  the  surface  heat  sources 
and  the  surface  frictional  drag  would  tend  to  give  updrafts  and  towers  from 
different  slopes  individual  characteristics  of  width,  length  of  life,  buoyancy, 


and  vortical  velocity.  To  the  extent  that  all  of  the  lowers  seem  to  surge 
and  slacken  in  giowlh  together,  they  must  be  controlled  by  an  environmental 
characteristic  which  is  varying.  1'his  might  he  related  to  the  amount  that 
the  upper  air,  in  which  the  clouds  are  growing,  in  lifted  as  it  flows  over 
the  Peaks.  The  more  the  air  is  lifted  the  more  convectively  unstable  it 
will  be  and  the  more  vigorously  the  clouds  will  develop. 


7.  Conclusions. 

Observations  were  made  of  the  growth  of  a  cumulus  over  a  mountain 
peak  on  a  clear  calm  morning.  The  heating  of  the  slopes  dominated  the 
convection  that  occurred,  while  the  dynamic  effects  of  the  flow  across  the 
mountains  imposed  only  slight  modifications.  The  most  interesting 
feature  is  that  the  convection  seemed  to  be  analogous  to  the  "starting  plume" 
described  by  Turner  (  1962),  which  are  buoyant  plumes  capped  by  a  rising 
thermal.  Both  the  towers  and  the  updraftB  measured  by  the  aircraft  fit  the 
time  continuity  of  flow  of  Turner's  model  rather  than  the  short  pulses  that 
the  bubble  theory  calls  for. 
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ABSTRACT 


A  statistical  study  has  been  conducted  investigating  the  possible 
cloud  growth  effects  due  to  heat  released  when  supercooled  water  is 
converted  to  ice.  Calculations  are  made  of  the  heights  to  which  cloud 
tops  would  rise  assuming  that  the  supercooled  water  is  converted  to 
ice  at  -IOC  (the  seeded  case)  or  at  -30C  (the  unseeded  case).  To 
simplify  the  computations  it  if.  assumed  that  the  cloud  parcel  rises 
unmixed  with  outside  air  to  the  level  where  the  buoyancy  is  zero. 

180  cases  are  treated,  for  soundings  from  Flrgstaff  and  Winslow, 
Arizona,  during  the  summers  of  1961,  1962,  and  1963.  The  results 
imply  that  height  increases  of  over  5000  ft  due  to  seeding  can  be 
expected  fairly  often,  and  increases  over  15,000  ft  are  sometimes 
possible.  Despite  the  simplicity  of  the  model,  it  is  felt  that  the 
computed  height  differences  qualitatively  represent  a  reasonable  measure 
of  the  potential  for  cloud  dynamics  changes  from  seeding.  Specific 
observations  of  cloud  growth  due  to  seeding  are  noted,  but  can  only  be 
considered  as  consistent  with  these  concepts  rather  than  verifying  them. 


1.  INTRODUCTION 


Conversion  of  the  supercooled  water  in  cloud  droplets  into  ice 
releases  heat  which  will  increase  the  buoyancy  of  a  cloud.  If  there  is 
one  gram  of  supercooled  water  per  kilogram  of  air,  the  glaciation 
warming  amounts  to  about  l/3”C.  l'hus  in  typical  clouds  warming  of 
several  degrees  can  occur  as  the  cloud  becomes  completely  glaciated 
by  natural  or  artificial  means.  The  buoyancy  increase  from  early 
glaciation  by  cloud  seeding  may  sometimes  cause  effects  which  are 
large  enough  to  be  distinctive,  namely  a  greater  growth  rate  for  the 
cloud,  or,  subsequently,  a  greater  total  height  for  the  cloud. 

If  the  natural  cloud  moves  upward  into  a  markedly  stable  layer, 
the  small  additional  buoyancy  from  glaciation  might  not  have  an 
appreciable  effect.  However,  in  certain  marginal  natural  conditions 
which  arc  only  weakly  stable,  the.  slight  extra  buoyancy  may  he  enough 
to  permit  considerable  growth  in  the  cloud.  It  is  a  purpose  of  this 
paper  to  see  how  frequent  these  speciulm  marginal  conditions  might  he. 

During  the  summers  of  1961,  1962,  and  1963  the  Atmospheric  Research 
Group-Meteorology  Research,  Inc.,  cumulus  cloud  studies  at  Flagstaff 
involved  the  seeding  of  various  convective  clouds  a.nd  some  of  the 
observations  raised  the  question  of  possible  cloud  growth  due  to  the  seeding. 
This  paper  is  an  outgrowth  of  this  interest.  Although  the  effect  of  artificial 
freezing  nuclei  materials  on  cloud  dynamics  is  a  complex  subject  involving 
cloud  dilution  and  precipitation  effects,  it  has  been  considered  useful  to 


treat  the  simple  buoyancy  effect  separately  in  order  to  make  a  start 
toward  solution  of  the  more  complex  problem. 

2.  BASIS  OF  HEIGHT  CALCULATIONS 

Cloud  top  heights  have  been  estimated  for  the  following  conditions: 

1)  complete  conversion  of  supercooled  water  to  ice  at  -  IOC  to  represent 
artificial  seeding,  and  2)  complete  conversion  of  water  to  ice  at  -30C 
to  represent  natural  seeding.  The  calculations  have  been  based  on 
parcel  theory,  assuming  that  the  parcel  rises  from  the  cloud  base  without 
mixing  and  rises  only  to  the  ’evel  where  the  buoyancy  is  zero.  Account 
is  taken  in  the  calculations,  however,  of  release  of  heat  of  fusion  and 
changes  in  buoyancy  due  to  condensate  being  carried  along  in  the  updraft. 
For  simplicity,  buoyancies  have  been  estimated  from  the  calculations 
as  temperature  differences  rather  than  virtual  temperature  differences. 

Figure  1  shows  an  example  of  the  height  computation  scheme. 

Line  A  gives  the  parcel  temperature  starting  ,.u  the  convective  condensa¬ 
tion  level,  assuming  a  pseudo-adiabatic  process  with  the  condensate 
remaining  liquid.  Line  B  includes  the  buoyancy  decrease  due  to  the 
weight  of  the  condensate,  i.  e.  ,  Line  B  shows  the  temperature  saturated 
air  should  be  to  have  the  same  buoyancy  as  the  air  with  condensate. 

This  temperature  difference  ATV  between  A  and  B  was  calculated  by  the 
method  of  Saunders  (1957)  who  showed  the  condensate  effect,  in  terms 
of  temperature,  to  bo  -ATV  =  Ty*  Wdw  where  Wdw  is  the  saturation 


2 


mixing  ratio  difference  between  cloud  base  and  the  point  in  question 
and  Ty  is  the  cloud  virtual  temperature.  To  the  accuracy  required 
here,  temperature  T  instead  of  virtual  temperature  Tv  can  be  used 
in  this  correction  formula. 

Lines  C  add  the  effect  of  release  of  heat  of  fusion  to  Line  D  in 
Fig.  1.  This  is  shown  for  two  conditions:  a)  Cl  considers  that  the 
condensate  is  converted  to  ice  at  -  IOC,  and  b)  C2  assumes  ice  conversion 
at  -30C.  For  the  example  shown  in  Fig.  1  at  -  IOC  with  5  g/kg  of  water 
in  condensate  form,  the  heat  of  fusion  raises  the  temperature  by  1.  67C 
while  the  condensate  weight  efiect  lowers  the  buoyancy  by  1.  3  1C  for  a 
net  buoyancy  increase  of  .  36C  relative  to  Lino  A  ( pseudo -adiabatic  process). 

Figure  1  shows  the  effect  of  seeding  on  cloud  top  height  by  comparing 
the  cloud  top  of  24,  000  feet  (Line  B  -  no  release  of  heat  of  fusion)  with  the 
estimated  top  of  30,200  feet  which  would  result  from  converting  liquid 
water  to  ice  at  -10C  (Line  Cl).  Figure  1  emphasizes  that  small  changes 
in  the  temperature  of  the  ascending  air  can  have  large  effects  on  cloud 
top  height. 

3.  RESULTS 

Estimates  of  cloud  top  heights  have  been  made  according  to  the  above 
techniques  for  all  available  soundings  from  Winslow,  Arizona,  for  the 
July  -  August  periods  of  1961-63  when  field  studies  were  being  carried 
out  in  the  Flagstaff  area.  For  the  1963  period  special  raob  soundings 
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Fig.  1.  EXAMPLE  OF  HEIGHT  COMPUTATION  METHOD. 


were  also  made  at  Flagstaff  and  these  have  been  included  in  the  present 
study  at  the  appropriate  time  of  day.  Results  of  these  calculations  of 
cloud  top  heights  are  shown  in  Fig.  2  for  each  year. 

It  is  apparent  in  Fig.  2  that  rather  spectacular  differences  in  cloud 
tops  may  occur  for  the  two  cases  of  converting  water  to  ice  at  -  IOC  vs. 
conversion  at  -30C.  For  July  22,  1962  at  1700  MST,  for  example,  the 
cloud  top  shoidd  reach  23,  500  feet  if  conversion  to  ice  does  not  take  place 
until  -30C.  compared  to  39,  000  feet  if  conversion  could  be  accomplished 
at  -10C.  Comparable  estimates  for  August  1,  1963  at  1400  MST  are 
24,  000  and  39,  000  feet. 

Table  I  summarizes  the  results  of  Fig.  2  in  terms  of  cloud  top 
differences  which  might  result  from  conversion  of  water  in  the  cloud  to 
ice  at  -  1 0C. 


Table  I 

CLOUD  TOP  DIFFERENCES 
Cloud  Top  Difference  (Seeded  Case  -  Unseeded  Case) 


Year 

%  >  5,  000  ft 

%  >  10,  000  ft 

%  >  15,  000  ft 

1961 

47 

3  0.  6 

4.  0 

1962 

GO 

CSJ 

19.  4 

7.  5 

1963 

34.  5 

19.  0 

4.  9 

Table  I  suggests  that  effects  of  seeding  (conversion  to  ice  at  -10C) 
might  frequently  be  expected  to  have  a  small  effect  on  cloud  top  height 
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and  that  large  effects  are  comparatively  rare.  The  table  also  suggests 
that  substantial  differences  may  exist  from  one  year  to  the  next  with 
1962  apparently  somewhat  more  favorable  for  detection  of  seeding 
effects  in  the  Flagstaff  area.  Reference  to  Fig.  1  indicates  that 
favorable  periods  for  detection  of  seeding  effects  were  of  short  duration 
in  1961  and  1963  compared  to  1962.  In  1962  the  period  of  July  27  to 
August  1  appears  to  have  been  especially  favorable  for  creating  these 
effects. 

4.  LIMITATIONS  OF  THE  MODEL 

A.  Limitations  of  the  parcel  ascent  method  for  computing  cloud 
top  heights  arc  well  known  and  arise  from  neglect  of  mixing 
with  surrounding  air  and  neglect  of  compensating  flow  in  the 
environment  through  which  the  cloud  is  passing.  In  addition, 
no  account  is  taken  of  rising  air  parcels  overshooting  their 
equilibrium  height  as  given  by  the  parcel  method.  For 
strongly  rising  cores  of  large  convective  clouds  at  Flagstaff, 
however,  MacCready,  Smith,  Todd,  Chien,  and  Woodward 
(1963)  found  undiluted  cores  to  9000  feet  above  cloud  base  and 
it  is  suggested  that  serious  cloud  dilution  effects  occur 
primarily  in  smaller  convective  clouds  or  on  the  edges  of  the 
larger  clouds. 
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B.  Cloud  top  heights  computed  by  a  pseudo -adiabatic  process 
would  be  similar  but  slightly  lower  than  those  shown  in  Fig.  2 
for  the  cases  where  glaciation  occurs.  For  this  case,  increases 
in  buoyancy  due  to  glaciation  tend  to  balance  decreases  due  to 
weight  of  the  condensate.  For  non -glaciation  cases,  the 
pseudo -adiabatic  method  will  give  higher  cloud  top  estimates 
than  those  indicated  in  Fig.  2. 

C.  The  assumptions  of  conversion  to  ice  at  -  IOC  vs.  conversion 
at  -30C  are  idealizations  which  tend  to  overemphasize  the 
effects  of  seeding  in  some  situations.  A  natural  cloud  is  most 
likely  to  remain  primarily  supercooled  to  -30C  when  it  is  large 
and  vigorous  and  natural  ice  nuclei  arc  rare.  The  assumption 
that  a  cloud  can  be  converted  to  ice  at  -IOC  can  probably  be 
realized  only  with  the  most  intensive  seeding  techniques, 
particularly  for  fast  growing  cumulus  where  the  time  for 
growing  ice  crystals  is  short.  MacCready  (  1959)  has  made 
estimates  of  the  height  of  complete  glaciation  from  silver  iodide 
seeding  in  clouds  typical  of  those  at  Flagstaff.  An  assumed 
silver  iodide  concentration  distribution  of  105/m3  at  -5C, 

10s  /m3  at  -10C,  107/m3  at  -15C,  and  106/m3  at  -20C  would 
just  about  glaciate  the  cloud  completely  at  -10C  for  weak  up- 
current  cases.  Such  concentrations  can  probably  not  be  obtained 
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from  typical  ground  seeding,  but  even  higher  ice  crystal 
concentrations  have  been  measured  from  aircraft  silver 
iodide  seeding  by  Todd  (  1964). 

D.  Prediction  of  the  convective  condensation  level  (CCL)  for 
a  particular  sounding  requires  subjective  judgment  and 
occasionally  small  changes  in  this  level  may  lead  to 
large  changes  in  estimated  cloud  top  heights.  Local 
variations  in  terrain  and  vegetation  may  lead  to  differences 
in  the  CCL  and  cloud  formation  time  such  that  portions  of 
the  atmosphere  in  the  immediate  vicinity  of  Flagstaff  may 
be  poised  for  seeding  at  different  times.  The  observation 
sample  used  in  the  present  study  can  then  be  considered 
as  a  sample  of  representative  soundings  in  the  area  but 
local  variations  may  exist  which  substantially  influence 
the  possible  seeding  effects  on  any  particular  day. 

5.  DISCUSSION 

Observational  verification  of  the  results  of  seeding  are  limited  in 
number  because  of  frequent  difficulties  in  obtaining  visual  observations 
and  because  of  lack  of  adequate  knowledge  of  the  characteristics  and 
environment  of  the  seeded  cloud. 

Langmuir  (19  51)  recognized  the  role  of  heat  of  fusion  in  dynamic 
seeding  effects,  and  used  it  to  help  explain  his  qualitative  observations 
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of  cloud  developments  in  New  Mexico.  Kraus  and  Squires  (  1947) 
describe  a  spectacular  instance  of  cloud  growth  but  unfortunately  a 
sounding  was  not  available. 

On  February  5,  1947,  in  Australia,  Kraus  and  Squires  seeded 
two  cumulus  clouds  with  granulated  carbon  dioxide.  All  clouds  in 
the  area  were  based  at  11,  000  feet,  the  freezing  level  at  18,  000  feet  , 
and  the  top  of  the  clouds  uniformly  at  23,  000  feet  which  would  indicate 
a  cloud  top  temperature  of  roughly  -10°C.  The  infected  clouds  were 
observed  to  grow  spectacularly  to  produce  showers  with  the  second 
cloud  anviling  off  at  40,  000  feet.  No  other  rain  showers  were  observed 
within  a  radius  of  100  miles  of  the  observing  aircraft. 

MacCready,  Smith,  Todd,  Ghicn,  and  Woodward  (1903)  examine  a 
seeding  event  on  July  27,  1902  at  Flagstaff.  This  is  the  start  of  the 
period  which  Fig.  2  shows  as  being  particularly  favorable  for  dynamic 
cloud  changes  from  cloud  seeding.  The  apparent  increased  buoyancy 
from  glaciation  within  the  seeded  cloud  was  noted  from  aircraft 
penetrations.  The  seeded  cell  had  a  greater  tower  top  rise  rate  than 
previous  towers  (2000  fpm  vs.  1400  fpm),  and  rose  8000  feet  higher 
than  the  earlier  cells.  The  general  experience  in  Flagstaff,  however, 
has  been  that  individually  seeded  cumulus  grow  only  slightly  in  height 
and  frequently  collapse  shortly  after  seeding. 

The  present  study  indicates  that  substantial  height  increases  may 
result  from  seeding  but  that  favorable  conditions  for  these  events  occur 
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only  on  a  relatively  small  number  of  occasions.  Although  a  large 
number  of  assumptions  have  been  made  during  the  study,  the  general 
results  appear  to  be  in  agreement  with  results  of  seeding  experiments. 

6.  CONCLUSIONS 

A  simple  computational  procedure  has  been  employed  for  estimating 
the  heights  of  the  tops  of  seeded  and  non-seeded  clouds  for  the  Flagstaff 
area  during  three  summers.  The  results  imply  that  significant  dynamic 
effects  from  seeding  would  not  be  uncommon  for  the  conditions  studied, 
and  that  occasionally  spectacular  effects  in  cloud  growth  would  be 
possible  from  the  release  of  heat  of  fusion  by  seeding.  The  height 
computations  ignore  mixing,  cloud  dimensions,  and  rise  rate  and  there¬ 
fore  represent  a  simplified  model  of  the  processes  occurring  in  the 
cloud.  The  limited  observations  available  on  seeding  effects  in  cumulus 
cloud 9  appear  to  be  in  agreement  with  the  results  of  the  study. 
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ABSTRACT 


A  cumulus  cloud  was  seeded  by  the  aircraft  flying  1780  meters  below 
cloud  base.  The  observation  plane  spiraled  up  through  the  cloud  base 
and  made  replicas  of  the  cloud  particles  as  well  as  recording  pressure 
altitude,  temperature,  mixing  ratio,  liquid  water  and  other  factors. 

In  the  updraft  below  cloud  base  the  temperature  followed  the  dry  adia¬ 
batic  potential  temperature  curve.  In  the  cloud  the  temperature  showed 
an  increase  above  the  ps eudo -adiabatic  wet-bulb  potential  temperature. 
This  increase  corresponded  to  the  development  of  ice  crystals  and  was 
in  the  amount  expected  from  the  release  of  heat  during  freezing.  The 
ice  crystals  were  found  slightly  above  cloud  base,  -9.  5C.  The  concen¬ 
tration  increased  in  a  manner  which  was  consistent  with  the  calibrated 
temperature  activation  curve  of  the  Agl  generator  and  the  diffusion  in 
the  column  of  air  above  the  seeding  aircraft.  The  crystals  were  pri¬ 
marily  unrimed  hexagonal  plates.  The  secondary  axis  growth  fits  the 
relationship  2a  =  Kat^*  where  Ka  =  f(T)  which  increased  five-fold 
between  -9.  5C  and  -13C  ,  and  a  is  the  semlsecondary  axis,  T  is  tem¬ 
perature,  and  t  is  time  in  minutes. 


1.  Introduction 


It  is  the  purpose  of  this  paper  to  explore  existing  theory  in  an 
attempt  to  explain  ice  crystal  size,  type,  and  concentration  observa¬ 
tions  made  during  one  cloud  -  seeding  experiment. 

Meteorology  Research,  Inc.  ,  and  its  affiliate.  Atmospheric 
Research  Group,  of  Altadena,  California,  have  been  engaged  in  a  pro¬ 
gram  of  observing  the  development  of  both  seeded  and  unsceded  cumulus 
clouds  during  the  summer  at  Flagstaff,  Arizona.  One  sequence  of  obser¬ 
vations  particularly  amenable  to  some  aspects  of  intensive  theoretical 
analysis  was  obtained  on  15  August  1962.  From  this  cloud  a  good  and 
clear-cut  record  of  ice  crystal  development  in  a  seeded  cumulus  cloud 
was  obtained. 

The  cloud  was  over  the  desert  32  kilometers  east  of  Flagstaff.  Unfor¬ 
tunately  it  was  not  observed  on  radar  or  by  time-lapse  photography,  but  it 
was  reported  by  the  aerial  observer  to  be  in  an  early  stage  of  vigorous 
development.  The  cloud  base  was  5,  700  km  (all  altitudes  given  are  pres¬ 
sure  altitudes)  with  temperature  -9.  5C.  It  was  seeded  with  Agl  from  two 
calibrated  airborne  Skyfire  generators  (Fuquay  and  Wells,  1960)  flown  one 
under  each  wind  of  a  Cessna  180,  hereafter  referred  to  as  Metro  IV.  The 
seeding  flight  pattern  was  a  circle  roughly  1000  m  in  diameter,  flown  for 
10  minutes  in  the  subcloud  updraft  at  *1000  m.  The  cloud  was  observed  by 
the  MRI-ARG  Cessna  180  cloud  physics  plane,  Metro  I.  This  plane  spiraled 
from  3,  300  to  6,  800  tn  in  the  cloud  updraft.  During  the  course  of  this 
flight  Metro  1  obtained  a  continuous  replica  of  the  cloud  particles.  These 
included  a  large  number  of  specimens  of  ice  crystals  due  to  the  seeding. 
Other  meteorological  variables  were  also  recorded  which,  when  put 
together  with  a  summary  of  the  c  loud  particle  replicas,  made  a  revealing 
meteorological  picture  of  the  internal  structure  of  this  seeded  cumulus 
cloud. 

2.  Instrumentation 

A  light  plane  was  used  as  the  cloud  observation  instrument  platform 
because  it  has  a  short  turning  radius  for  cloud  spirals,  a  rapid  response 
to  cloud  updrafts,  operational  simplicity,  easy  maintenance,  high  relia¬ 
bility,  and  low  operating  costs.  The  light  piano  is,  however,  limited  in 
payload  and  electrical  power  output.  Hence  the  instrument  system  had  to 
be  designed  to  fit  these  constraints.  As  Metro  1  carried  a  pilot  and  one 
observer,  the  observational  instruments  had  to  be  automated  to  the  point 
that  they  all  could  be  controlled  by  one  person.  The  record  of  some  eight 
variables  was  taken  on  a  two-channel  recorder  with  four  variables  sharing 
each  channel.  A  detailed  description  of  the  instrumentation  is  given  by 
MacCready,  Smith,  Todd,  Ghien,  and  Woodward  (1963). 
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The  MRI  continuous  cloud  particle  sampler  (Todd,  1961,  MacCready, 

1962a  and  MacCready  and  Williamson,  1963)  replicates  the  cloud  particles 
in  Formvar  on  16  mm  clear  motion  picture  leader.  The  film,  freshly 
coated  with  a  Formvar  solution,  passes  up  a  tube  behind  a  2  mm  slit 
through  which  it  is  exposed  to  the  airstream.  Particles  including  cloud 
droplets  hit  the  plastic  coating  and  are  captured  as  the  plastic  flowB  over 
them.  The  solvent  evaporates  from  the  plastic  very  rapidly  leaving  a  hard, 
permanent  replica.  The  replicas  produce  variations  in  the  thickness  of 
the  clear  plastic  which  cause  a  refraction  of  light  that  produces  shadow 
images  when  projected  in  a  16  mm  time-motion  projector.  These  images 
can  be  viewed  at  100  to  1000-fold  magnification,  and  cloud  dropletB,  ice 
crystals,  graupel,  snowflakes,  and  dust  particles  are  visible  with  high 
resolution. 

Mixing  ratio  is  measured  directly  with  the  MRI  Model  901  Mixing 
Ratio  Indicator  (MacCready  and  Lake,  1963).  Air  is  drawn  at  5  cm3min"1 
through  an  electrolyzing  tube  which  is  internally  coated  with  phosphorous 
pentoxide.  Current  flows  between  two  wires  in  the  tube,  which  is  exactly 
proportional  to  the  rate  of  water  vapor  entering  the  tube.  The  mass 
rate  of  flow  is  kept  constant  with  a  thermistor  flow  meter  controlling 
the  pump.  The  time  constant  is  in  the  order  of  one  second. 

Temperature  is  sensed  with  a  0.  08-second  time  constant  thermistor 
set  in  an  axial  flow  vortex  housing  to  provide  speed  compensation  for 
dynamic  heating  and  to  protect  the  thermistor  somewhat  from  cloud 
moi  sture. 

The  altitude  is  measured  by  a  standard  high-grade  sensitive  altimeter 
on  which  (here  is  a  photoelectric  follower  coupling  the  1000-foot  hand  to  a 
potentiometer.  This  supplies  voltage  to  the  recorder. 

Liquid  water  is  measured  by  a  Johnson  -  Williams  hot-wire  sensor. 

One  heated  wire  is  transverse  to  the  airflow;  the  other  is  parallel  to 
the  airflow.  These  wires  are  in  a  bridge  circuit  with  zero  output  in 
cloud-free  air.  in-cloud,  the  droplets  impinge  on  the  transverse  wire 
and  are  evaporated,  cooling  the  wire.  At  the  airspeed  for  which  it  is 
calibrated  the  instrument  output  is  linearly  proportional  to  the  liquid 
water  content,  provided  the  droplets  are  less  than  50  p  in  diameter. 

Evaporation  of  the  larger  droplets  is  incomplete.  Low  readings  which 
have  been  observed  in  completely  iced  clouds  imply  that  ice  crystals  bounce 
off  the  wire  and  are  not  measured, 

3.  Obse  r  vations 

On  15  August  the  wind  was  exceptionally  light  to  10  km.  The  early  part 
of  the  day  was  characterized  by  large  cumulus  clouds  1  uilding  directly  over 
the  San  Francisco  Peaks.  In  the  afternoon,  in  the  flight  sequence  to  be  dis¬ 
cussed,  cumulus  were  developing  over  the  desert.  (The  mountain  range  was 
no  longer  a  source  of  suitable  clouds  for  experimentation  at  that  time  because 
the  cloud  system  was  too  fully  developed.  ) 


The  cloud  chosen  for  this  seeding  experiment  was  growing  vigorously 
and  was  in  an  early  stage  of  development.  Its  exterior  liad  a  firm  bulging 
appearance  and  the  base  was  flat  and  dark.  The  seeding  plane  (Metro  IV) 
flew  a  circular  flight  path  at  4,  000  m  in  the  updraft  from  154b  to  155b  MST. 
Metro  I  (the  MRI  Cessna  180  cloud  physics  plane)  entered  the  updraft  at 
154b  from  the  3,  300  m  level  and  ascended  at  300  m  per  minute  in  a  tight 
spiral  turn.  The  power  setting  was  adjusted  so  the  plane  would  not.  climb 
with  respect  to  rising  air.  At  5,  700  m  Metro  I  entered  the  cloud  base 
and  continued  to  spiral  upward  to  b.  900  m.  Tbe  ascent  rate  decreased 
with  elevation.  Above  b,  700  m  Metro  1  was  unable  to  stay  in  tbe  updraft 
except  for  brief  periods.  From  b.  900  m  Metro  I  spiraled  down  outside 
the  cloud. 

Of  interest  is  the  hermal  structure  of  the  cloud  and  its  environment 
along  this  flight  path.  Fig.  1  is  a  time-height  plot  of  the  flight,  while 
Fig.  2  includes  further  details  of  the  portions  above  cloud  base.  In  the 
figures  tbe  scales  of  temperature,  mixing  ratio,  and  liquid  water  content 
are  adjusted  to  give  special  meaning  as  the  curves  of  these  variables  are 
compared  to  the  height  plot. 

As  shown  in  Fig.  1.  before  Metro  I  entered  the  updraft  below  the 
cloud,  it  flew  for  several  minutes  until  1543  MST  at  3,  000  to  3,  400  m  in 
air  that  had  a  potential  temperature  8  of  1.  5C  colder  than  the  0  for  the 
cloud  base.  The  mixing  ratio  of  this  air  was  about  b  gr  per  kg.  The 
mixing  ratio  of  the  cloud  base  wa3  3.  8  gr  per  kg.  This  lower  air  must 
have  been  cooled  and  moistened  by  precipitation.  Two  minutes  before 
entering  the  updraft,  1543  -  1545  MSI',  the  air  had  a  0  of  0.  5C  less 
than  at  the  cloud  base.  The  0  of  the  updraft  from  3,  500  m  to  5,  700  m 
(cloud  base)  was  within  *  0.  3G  of  cloud  base  except  at  elevation  5,  300  m 
at  5,  500  n,.  At  these  levels  Metro  I  strayed  toward  the  edge  of  the  updraft 
and  0  dropped  to  0.  5C  less  the  cloud  base.  Above  cloud  base  the  observed 
pseudo  wet-bulb  potential  temperature  0KW  followed  tbe  6gw  of  cloud  base 
with  only  minor  departures  to  t>,200  m.  Above  this  level  to  6,  900  m 
(where  Metro  I  left  the  cloud)  6  v  became  progressively  warmer  than 
cloud  base  with  a  maximum  excess  of  1C.  It.  is  interesting  to  note  that  this 
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excess  of  8  w  coincides  with  the  growth  of  ice  particles  and  a  decrease  in 
number  of  water  droplets.  When  Metro  I  left  the  cloud,  the  9SW  fell  sharply 
to  2.  8C  below  the  cloud  base  value,  This  difference  dropped  to  2.  0C  and 
then  to  1.  4C  as  Metro  1  descended  from  b,  900  m  to  the  cloud  base  at  5,  700  m . 

The  liquid  water  reading  had  some  noise  problems,  out  it  confirmed 
in  a  rough  way  that  major  portions  of  the  in-cloud  flight  were  made  in 
an  undiluted  cloud.  When  ice  crystals  appear  significantly  in  the  cloud 
particle  concentration,  it  is  noted  (Fig.  2)  that  the  liquid  water  meter 
records  less  than  adiabatic  liquid  water. 
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PRESSURE  ALTITUDE  (km) 


Fig.  1.  A  TIME-HEIGHT  FLIGHT  PLOT  OF  PRESSURE  ALTITUDE, 
TEMPERATURE,  AND  MIXING  RATIO. 

The  temperature  scale  is  such  that  the  pressure  altitude  curve 
corresponds  to  the  potential  temperature  0  below  cloud  base 
and  6c;W’  Pseudo  wet  bulb  potential  temperature,  above 

the  cloud  base.  A  comparison  of  the  difference  between  the 
temperature  and  altitude  curve  shows  the  departure  of  flight 
path  potential  temperature  with  that  at  cloud  base.  The  mix¬ 
ing  ratio  curve  scale  is  such  that  mixing  ratio  curves  can  also 
show  the  height  of  the  condensation  level  of  air  taken  from  the 
flight  path. 


Micrographs  of  the  drop  samples  at  positions  a-f  shown  on  Fig.  2 
are  reproduced  on  Fig.  3.  The  evolution  of  droplet  9ize  and  the  growth 
of  ice  crystal  size  and  concentration  can  be  seen.  The  cloud  droplet 
concentration  was  500  per  cm  in  what  was  apparently  an  unmixed  por¬ 
tion  of  the  cloud.  The  diameter  of  the  droplets  increased  rapidly 
immediately  above  <  loud  base  and  then  increased  more  slowly  as  the 
diameters  became  larger.  In  some  places  the  growth  of  the  ice  crystals 
at  the  expense  of  water  droplets  can  be  clearly  seen  as  the  water  drop¬ 
let  size  decreases  and  finally  disappears  completely.  The  droplet 
replica  sizes  shown  in  Fig.  3  are  somewhat  larger  than  the  true  droplet 
diameters  due  to  deformation  in  replication. 

4.  Analysis 


The  long-term  objective  is  to  learn  how  to  optimize  cloud  modification 
techniques  for  obtaining  chosen  goals.  It  is  important  to  take  advantage 
of  all  opportunities  to  learn  at  what  levels  seeded  ice  crystals  form,  in 
what  concentration  they  occur,  and  how  fast  they  grow.  During  this  study 
it  was  possible  to  gain  some  information  on  all  of  these  questions. 

The  first  step  was  to  extablish  the  initial  dilution  of  the  Agl  smoke  in 
the  aircraft  wake,  and  then  from  this,  to  determine  the  concentration  of 
nuclei  active  in  ice  crystal  formation  at  any  temperature  T.  The  following 
step  was  to  estimate  the  diffusion  of  the  aircraft  wake  as  it  drifted  to  the 
sampling  altitude,  and  finally,  the  third  step  was  to  analyze  the  growth 
rate  of  the  seeded  ice  crystals  in  the  supercooled  water  cloud. 

Agl  Output.  Smoke  from  the  two  Agl  burners,  mounted  one  under  each 
wing  of  the  seeding  aircraft,  mixes  immediately  throughout  the  turbulent 
wake.  I  lie  initial  wake  of  a  Cessna  1B0  is  observed  to  be  25  m  in  diameter 
(Smith  and  MacCready,  1963).  Speed  of  the  aircraft  is  about  50  m  _1  so  the 
volume  of  the  wake  per  second  is 

V0  -  2.  5  x  lO10  cm0  sec"1  . 


Fuquay  and  Wells  (I960)  have  calibrated  the  output  of  the  Skyfire  Agl 
generator.  Figure  4  shows  N(T),  the  output  of  active  nuclei  per  second,  as 
a  function  of  temperature.  Let  n  be  the  concentration  of  active  nuclei  per 
cm  ,  Thus,  n  =  N(I)/V(  where  V{  is  the  expanding  volume  per  second 
of  (light  path  through  which  the  nuclei  are  distributed.  Right  behind  the 
airc  raft 
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A  DETAILED  TIME-HEIGHT  RECORD  OF  THE  IN-C 
PORTION  OF  THE  FLIGHT  IN  FIG.  1. 

The  pressure  altitude  and  temperature  scales  are  the 
as  in  the  previous  figure.  The  liquid  water  curve  wo 
coincide  with  the  pressure  altitude  curve  if  the  parce 
adiabatic  ally  from  loud  base.  The  c  one  en  tr  ation  am 
size  of  the  cloud  water  droplets  and  the  c oncentr atior 
range  m  -ize  of  ice  crystals  are  plotted  along  tin1  sar 
scale  ns  other  flight  par  amote  r  «- . 
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Fig.  3  DEVELOPMENTAL  STAGE  OF  ICE  CRYSTALS  AT  SIX 
PARTICULAR  TIMES  INDICA1  F.D  13Y  LETTERS  a  -  f 
ALONG  THE  WATER  DROPLET  -  ICE  CRYSTAL 
CONCENTRATION  CURVES  IN  1  IG.  2. 


Diffusion  of  Agl  Smoke.  An  estimate  of  the  diffusion  of  the  wake  from 
the  seeding  airplane  can  be  easily  obtained  if  it  is  assumed  that  eddies, 
which  are  dominant  in  the  diffusion  process,  are  of  a  size  within  the  inertial 
subrange.  This  is  not  strictly  a  correct  assumption  (a)  because  an  air¬ 
craft  wake  is  long  in  the  longitudinal  direction  and  so  some  large  eddies 
should  be  considered,  and  (b)  when  the  plume  breadth  grows  to  a  size 
comparable  to  the  cloud  dimension,  the  inertial  subrange  is  considerably 
exceeded.  However,  the  inertial  subrange  concept  affords  simple  compu¬ 
tations  which  should  be  of  the  right  order  of  magnitude  in  the  present  case. 
The  turbulence  during  the  spiral  was  rather  light  and  of  a  fairly  constant 
value.  A  dissipation  rate  e  of  about  1  cm3  sec'3  was  estimated  from  a 
turbulence  meter  and  is  a  value  comparable  to  other  measurements  in 
convection  (MacC  ready,  1962b).  The  turbulence  was  much  stronger  outside 
the  updraft  and  at  the  cloud  edges. 

Batchelor  (1950)  has  pointed  out  that  the  spreading  of  a  cloud  puff  in 
the  inertial  subrange  should  follow  the  law 


Y3  =  C4  et° 


(2) 


where  Y  is  a  representative  dimension  of  the  cloud  (which  here  we  can 
take  as  diameter  of  the  wake),  C4  is  a  dimensionless  constant  of  order 
unity,  and  t  is  time.  This  equation  is  of  use  only  after  sufficient  time 
has  elapsed  so  that  the  diffusion  is  not  dependent  on  the  initial  distribution 
of  the  material  (therefore  at  times  conside  rably  longe r  than  tj  =  ( Y0a /C4  e)1/3  , 
where  Y0  is  the  initial  particle  cloud  dimension).  In  the  present  case, 
ti  is  small  compared  to  t  when  the  cloud  is  readied.  There  are  questions 
as  to  the  exact  time  origin  for  t  in  equation  (2),  for  certainly  growth  will  be 
somewhat  greater  if  Y0  is  larger.  The  value  of  C4  is  not  known  and  will 
vary  considerably  whether  Y  refers  to  a  diameter,  radius,  or  standard 
deviation.  Because  of  all  such  indeterminancies  the  prediction  of  equation  (2) 
should  only  be  used  as  qualitative  hints  rather  than  quantitative  calculations. 
For  the  following  calculations  an  arbitrary  25  m,  die  initial  wake  diameter, 
is  added  to  Y  to  preserve  consistency  near  t  0  and  to  allow  for  some 
effect  of  initial  size  in  subsequent  growth. 


t.  minute  s  Y 

6 

8 

10 

12 


eters  (including  25  m  added  factor) 

93 
130 
172 
2  18 
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Figure  5  shows  a  scaled  schematic  of  the  diffusion  of  the  wake  carrying 
Agl.  This^is  based  on  a  flight  path  of  one  1000-m  diameter  turn  per  minute  at 
50  m  scc  '  a  i  r  s  peed  in  an  observed  updraft  of  5  m  sec'1  in  the  lower  levels 
which  slows  down  to  3  m  sec"1  high  in  the  cloud.  The  actual  plume  is.  of 
course,  considerably  more  ragged  than  the  idealized  one.  There  would  also 
be  kinks  due  to  irregularities  in  the  large  scale  cloud  motions.  The  compli¬ 
cations  of  the  spreading  and  mixing  at  the  cloud  top  are  not  shown.  By 
comparing  the  ice  crystal  concentration  regions  shown  in  Fig.  2  with  the 
diffusion  patterns  in  Fig.  5,  it  can  be  seen  that  there  is  some  qualitative 
correspondence.  Low  in  the  cloud  the  diffused  wake  is  a  relatively  small 
part  of  the  cloud,  and  ice  crystals  are  found  in  only  a  small  part  of  the 
total  sample.  Higher  in  the  cloud  the  diffused  Agl  wake  from  one  spiral 
begins  to  meet  the  adjacent  wake's  spiral.  Within  this  spiral  there  are 
only  brief  regions  without  ice  crystals. 

Table  1.  Computed  and  observed  ice  crystal  concentrations. 


a 

b 

c 

d 

t 

min 

T 

•c 

N(T) 
nucle  i 

sec"1 

n 

nuclei  cm' 

at  t  =  0 

7.  5 

-9.  5 

4  x 

lo^5" 

160 

A.  4 

-  10.  7 

10  x 

1013 

400 

9.  3 

-11.5 

17  x 

1013 

700 

10.  2 

-  12.  5 

30  x 

101  3 

1200 

11.1 

-13.  5 

50  x 

1013 

2000 

e  *  g  h 
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^  ~y~  n  at  time(t)  crystals, 

meters _ nuclei  cm"a  cm"3 


120 

23 

7 

8 

138 

30 

13 

20 

1  57 

39 

17 

50 

176 

49 

24 

50 

197 

62 

32 

20 

Table  1  is  an  attempt  to  see  if  the  generator  calibration  curve  and  the 
assumed  diffusion  in  the  inertial  subrange  can  explam  the  observed  concen¬ 
trations  of  ice  crystals.  It  can  be  seen  that  the  computed  and  observed 
number  of  ice  crystals,  columns  g  and  li  .  are  in  fair  agreement  (column 
h  refers  to  a  smoothed  maximum  value).  This  general  agreement,  however 
cannot  be  construed  as  a  verification  of  either  the  generator  calibration  or 
.he  application  of  the  diffusion  theory  as  there  is  too  much  freedom  of 
application  in  dealing  with  limited  data. 


-L_..°rv5Uls-  A  great  amount  of  information  is  available  in  the  cloud 
partide  record  which  is  summarized  in  Fig.  2.  In  addition  to  the  regular 
flight  information,  the  concentration,  as  well  as  particle  sizes  of  water 
droplets  and  ice  crystals,  are  shown  on  the  same  time  scale.  It  is  interest¬ 
ing  to  note  from  the  concentration  graph  that  there  are  cloud  regions  without 

allvTe5  ^  lefaStr  hi8h  ^  6'400  m  (-13C)-  TbeSC  -g-ns  contain  virtu- 
‘  V.  ,  e  Wa  er  dr°Plet  concentration  as  was  found  at  cloud  base  500  cm"3 

with  diameters  of  about  17  microns.  This  would  account  for  all  the  water  that 
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Fig.  5.  AN  IDEALIZED  SCALE  DRAWING  OF  THE  RISING  AND 

EXPANDING  HELICAL  PLUME  FROM  THE  SEEDING  PI.ANE. 

The  plume  is  shown  to  expand  as  it  would  appear  f  it  were 
being  diffused  by  the  inertial  subrange-sized  eddies. 


should  be  found  in  an  undiluted  parcel  lifted  adi abatic al ly  from  cloud  base. 

So  with  one  cloud  there  are  unseeded  control  regions  as  well  as  seeded 
regions  for  comparison  of  microphysical  features. 

The  replicas  show  that  most  of  the  ice  crystals  are  hexagonal  plates, 
as  indeed  they  should  be  at  temperatures  from  -9.  5C  to  -  1  3C  (Kobayashi, 

1958,  Hallett  and  Mason,  1958,  Shaw  and  Mason,  1955,  Weickmann,  1957). 

A  surprising  feature  of  the  replicas  is  that  there  appears  to  be  virtually 
no  evidence  of  riming. 

There  is  ample  opportunity  to  find  crystals  growing  in  a  water  cloud, 
though  at  higher  altitudes  there  are  regions  where  the  water  cloud  has  been 
exhausted  by  the  high  concentration  of  ice  crystals.  The  growth  rates  of 
ice  crystals  in  the  supercooled  water  cloud  are  of  particular  interest.  Each 
cloud  parcel  contains  ice  crystals  which  are  nucleated  over  a  range  of 
temperatures,  and  hence  times.  Thus,  as  the  parcel  rises  and  cools  in 
ascent,  more  and  more  crystals  are  nucleated.  Here  it  is  then  assumed 
that  if  the  random  variations  in  rate  of  crystal  growth  are  ignored  and  if 
the  air  is  an  unmixed  parcel  so  that  all  elements  have  the  same  history,  the 
larger  the  ice  crystal  the  earlier  its  nucleation. 

Each  size  category  of  a  given  sampling  will  have  a  unique  starting  tem¬ 
perature.  Fig.  6  is  a  graph  of  sizes  of  the  secondary  axis  of  ice  plates 
plotted  against  time  of  sampling.  Since  this  ascent  is  continuous,  there  is 
a  unique  time-temperature  relationship  also  plotted.  The  ice  crystal  concen¬ 
tration  at  each  sampling  point  Is  ordered  for  size  and  the  order  is  divided 
according  to  the  proportion  assumed  to  start  at  a  particular  prior  temperature. 
The  concentration  activated  at  -9.  5C  was  chosen  as  a  base  point  and  from 
this  reference,  points  occur  where  concentration  doubles,  triples,  quadruples, 
etc . 


When  the  sampling  points  at  which  the  water  cloud  dissipates  are 
deleted  and  smoothed  curves  are  drawn  for  the  remaining  point,  there  are 
a  family  of  curves  (Fig.  7).  These  curves  show  the  growth  rate  of  the 
secondary  axis  of  an  ice  crystal  as  a  function  of  crystal  size  and  temper¬ 
ature  in  a  supercooled  water  cloud. 

In  an  attempt  to  separate  out  the  te  mpe  r  atur  e  -  s  i  ze  factors  in  crystal 
growth  from  Fig.  7,  it  is  noted  that  Shaw  and  Mason  (1955)  were  able  to 
describe  the  growth  of  the  fares  by  the  equations 

( 2c  )  =  Uc  t  +  a 

or 

( 2a)  '  =  Uat  +  p 
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Relative  Number  of  Nucleated  Ice  Crystals 

III  I 

-10  -11  -12  - 1 3  *C 

AN  ICE  CRYSTAL  GROWTH  PLOT  FOR  HEXAGONAL  FACE 

Each  curve  represents  growth  from  a  successively  colder 
nucleating  temperature  as  per  the  activation  curve  in  Fig.  4. 
The  time  scale  is  linear  and  the  temperature  correspondence 
to  time  is  taken  from  the  flight  plot  in  Fig.  2. 


Fig.  7.  AN  ICE  CRYSTAL  GROWTH  PLOT  FOR  HEXAGONAL  FACE. 

Based  on  the  same  data  as  Fig.  but  the  curves  are  smoothed. 


Time  in  Minutes 


1  2.  3  4567  89  10 

Relative  Number  of  Nucleated  Ice  Crystals 


-10'  -11  -12  - 13  *C 

a  =  KaH 

Fig.  8.  AN  ICE  CRYSTAL  GROWTH  PI.OT  FOR  HEXAGONAL  FACE. 

The  same  smoothed  growth  curves  as  in  Fig.  7  with  values 
of  Ka  plotted  to  fit  2a  =  K  t-1  /  Ka  is  not  a  function  of  temp¬ 
erature  alone. 


where  r  and  a  are  respectively  the  semiprincipal  and  semisecondary 
crystal  axes,  Uc  ,  Ua  ,  a  ,  and  p  are  constants.  In  our  observations 
only  the  2a  secondary  crystal  axis  of  the  hexagonal  face  is  observed. 

The  crystal  nucleation  time  is  chosen  as  t0  so  that  p  -  0  .  The  above 
equations  were  rewritten  in  the  form  2a  =  K^1/3  and  a  family  of  curves 
for  a  range  of  Ka  from  loomin'-1/3  to  150^min_1^s  were  drawn 

with  the  same  linear  2a  and  t  scale  as  used  in  Fig.  7.  Fig.  7  was  placed 
over  the  2a  =  Katx^3  chart  and  the  Ka  values  of  the  tangent  points 
for  the  curves  are  recorded  in  Fig.  8.  The  Ka  values  were  not  constant 
with  temperature  (Fig.  8)  so  there  must  have  been  a  size  or  an  altitude 
factor  affecting  the  growth  rate  if  the  t  '  law  is  valid. 


A  further  examination  of  the  literature  shows  that  the  growth  rates 
of  ice  crystal  faces  may  fit  other  powers  of  t  .  Nakaya  (1954)  finds  that 
the  dendritic  arms  grow  as  a  linear  function  of  time.  A  log  log  plot  of 
tabular  and  graphic  information  found  in  Reynolds  (1952),  Isono  (1959), 
Mason  (1953),  and  Shaw  and  Mason  (1955)  indicates  that  ice  crystal  axis 
growth  fits  rather  discretely  one  of  the  following  2a  =  Kat  '  , 

2a  =  Kat1/3  ,  or  2a  =  K-^t1/4  .  The  exponent  of  t  seems  to  vary  as  a 

function  of  temperature  and  s  upe  r  s  atur  ati  on  of  the  environment  with 
respect  to  ice.  On  the  basis  of  these  findings  it  was  decided  to  try  to  fit 
2a  -  Kat0/4  to  the  ice  crystal  growth  of  this  flight.  To  do  this  the  para¬ 
meter  Ka  (Fig.  9)  was  plotted  along  the  smoothed  growth  curves  of 
Fig.  7.  Here  Ka  is  a  function  of  temperature,  with  no  systematic  residual 
variation,  but  Ka  increases  by  a  fartor  of  5  from  T  n  9.  5  to  T  =  13  . 


The  power  law  suggests  itself  as  a  usrful  technique  for  the  description 
of  the  growth  rate  of  ice  crystals  by  axis.  This  could  serve  as  a  quantitative 
technique  for  making  computations  of  ice  crystal  growth  until  the  crystallo¬ 
graphy  is  better  understood  and  more  precise  techniques  are  available. 

A  quantitative  technique  for  computing  ice  crystal  growth  would  be  a  valuable 
link  in  figuring  the  conversion  rate  of  a  cloud  from  water  to  ice,  or  in 
estimating  the  sweep  area  of  ice  crystals  in  precipitation  calculations. 


5.  Conclusions 


A  study  has  been  made  of  the  flight  record  taken  in  one  seeded  cumulus 
cloud.  It  is  found  that  in  a  real  cloud  chosen  for  its  simplicity,  many  of 
the  things  predicted  in  theory  do  actually  occur  and  can  be  measured  and 
analyzed  although  some  shortcomings  of  the  theory  are  clearly  evident  as 
well. 


Findings  of  this  study  are  as  follows: 

a)  For  this  cloud  the  environment  was  colder  than  the  cloud  updraft 
both  below  cloud  base  ar.d  In  the  air  outside  the  cloud. 
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b)  The  potential  temperature  0  of  the  cloud  updraft  below  cloud  base 
was  almost  constant  for  1780  m  up  to  cloud  base. 

c)  The  pseudo  wet-bulb  potential  temperature  0gw  followed  the  rate 
expected  from  unmixed  cloud  ascent  in  the  strong  updrafts  above 
cloud  base  until  ice  crystals  started  to  represent  a  significant 
volume  of  the  cloud.  The  0SW  then  showed  an  increase  in  tempera¬ 
ture  that  is  in  agreement  with  the  increase  expected  from  the  latent 
heat  of  freezing. 


d)  When  the  expected  ice  crystal  content  was  computed  from  labora¬ 
tory  calibrated  generator  temperature  nuclei  activation  curves  and 
the  dispersion  was  calculated  from  measured  turbulence,  there 
was  considerable  agreement. 

e)  Ice  crystals  were  found  to  be  predominantly  hexagonal  plates  and 
occurred  between  -9.  5C  and  -13C,  as  predicted  in  the  literature. 

f)  When  an  attempt  was  made  to  compare  the  observed  ice  crystal 
growth  rates  taken  from  the  literature,  it  was  found  that  present 
theory  is  apparently  inadequate. 


g) 


It  is 
2a  = 
ture 


suggested  that  the  secondary  axis 
Kt3/4  K  =  f(T)  whi  ch  increases  fi 
range  -9.  5C.  to  -13C. 


of  snowflake  growth  follows 
ve-fold  through  the  tempern- 
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ABSTRACT 


This  is  an  organization  of  information  prepared  for  making  graphical 
computations  of  ice  phase  cloud  modifications.  It  allows  the  user  to  follow 
through  the  development  of  a  hydrometeor  from  (1)  the  temperature- 
effectiveness  output  curves  of  the  nucleating  agent  to  (2)  the  rate  of  growth 
of  the  ice  crystals  as  a  temperature  function  to  (3)  the  onset  of  riming  as  a 
function  of  crystal  size,  fall  velocity,  and  cloud  droplet  size  to  (4)  the  rate 
of  graupel  growth  as  a  function  of  size,  shape,  density,  fall  velocity,  and 
cloud  droplet  concentration,  to  (5)  the  development  of  hailstones  as  a  function 
of  size,  density,  shape,  surface  temperature,  fall  velocity,  liquid  content 
of  the  cloud.  The  graphical  system  also  gives  solutions  to  the  various 
dependent  parameters  necessary  in  the  computation,  such  as:  fall  velocity, 
density,  shape,  and  surface  temperatures  of  hailstones.  With  this  compu¬ 
tational  system  it  should  be  possible  to  solve  a  wide  variety  of  ice  phase 
cloud  modification  problems  having  to  do  with  (a)  clearing  supercooled  fog, 

(b)  opening  holes  in  supercooled  stratus,  (c)  initiating  ice  phase  precipitation, 

(d)  turning  a  cloud  to  ice  to  eliminate  aircraft  icing,  freezing  rain,  and  hail, 

(e)  increasing  cloud  vertical  development  by  liberating  tire  latent  heat  of 
freezing,  and  (f)  increasing  the  inflow  at  cloud  base  by  lessening  the  pressure 
below  the  cloud  through  increases  in  cloud  buoyance  brought  about  by  conver¬ 
sion  to  ice  phase. 
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During  this  study  several  gaps  in  the  basic  experimental  data  became 
apparent.  For  this  work  it  was  necessary  to  bridge  the  gaps  by  interpolation 
but  they  need  to  be  filled.  The  nature  of  the  gaps  and  the  importance  of 
filling  them  is  pointed  out. 

This  paper  stops  with  the  development  of  the  computational  system  and 
does  not  carry  out  cloud  modification  model  computations. 
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1.  Introduction 


There  have  been  a  large  number  of  experimental  and  operational  cloud 
seedings  since  Langmuir  and  Schaefer  conducted  their  successful 
cloud  modifications  of  Project  Cirrus.  A  characteristic  of  these  seedings 
is  that  apparent  successes  are  intermingled  with  a  large  number  of  failures. 
This  is  a  strong  indication  that  there  are  still  important  factors  in  the 
seeding  processes  which  are  not  understood. 

As  yet  there  lias  been  no  really  comprehensive  organization  of  present 
information  into  a  form  that  can  be  effectively  applied  to  ice  phase  cloud 
modification.  There  are  so  many  factors  that  interact  in  a  complicated 
manner  that  a  mere  familiarity  with  the  literature  does  not  allow  one  to  be 
able  to  judge  the  outcome  of  a  seeding  experiment  in  a  satisfactory  manner. 
There  is  a  definite  need  to  have  all  of  the  important  factors  organized  into 
a  system  which  shows  the  various  interactions  and  which  can  be  related 
directly  to  cloud  experiments. 

At  this  point  the  basic  information  hardly  seems  sophisticated  or  refined 
enough  to  justify  using  computers.  The  step  appropriate  at  present  is  to 
organize  the  information  found  in  the  literature  into  a  series  of  graphs  which 
arc  compatible,  reasonably  comprehensive,  and  convenient  to  apply  to  cloud 
experiments.  From  this  it  is  hoped  that  it  will  be  possible  to  map  out  the 
potentials  of  ice  phase  cloud  modification,  as  well  as  plan  more  meaningful 
field  cloud  modification  experiments. 
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In  the  course  of  this  study  many  specific  gaps  in  present  knowledge 
have  become  apparent.  lor  the  present  it  has  been  necessary  to  bridge 
these  gaps  by  interpolation  and  extrapolation.  For  a  lasting  and  sound 
foundation  these  gaps  must  be  filled  by  experimentation  and  observation. 

The  gaps  are  pointed  out  as  they  are  met  in  the  text,  and  are  summarized 
in  the  discussion. 

2.  Background 

The  computation  of  the  processes  of  ice  phase  cloud  modification  will 
be  complicated.  Much  of  the  technique  will  have  to  develop  with  experience. 
This  will  show  the  relative  importance  of  the  various  factors  involved  which 
will  be:  (1)  the  characteristics  of  the  water  phase  cloud,  (2)  the  cloud 
dynamics,  (3)  the  natural  and  artificial  ice  nuclei,  and  (4)  to  some  extent 
the  cloud's  electrical  characteristics.  The  block  diagram  in  Fig.  1  is  an 
attempt  to  organize  these  factors  in  a  manner  which  shows  the  various 
interactions.  The  blocks  that  are  outlined  in  heavy  black  are  the  ones  that 
arc  dealt  with  in  this  discussion.  The  items  which  are  underlined  are  the 
ones  specifically  involved  in  the  graphical  computation  system  set  up  here. 

There  are  important  differences  in  the  development  of  ice  hydrometeors, 
depending  upon  whether  the  water  cloud  in  which  they  form  is  colloidally 
stable  or  precipitating.  If  the  cloud  is  colloidally  stable  then  the  sequence 
of  development  is  from  the  nuclei  forming  an  ice  crystal,  to  the  growth  of  the 
ice  crystal,  to  onset  of  riming,  to  graupel  development,  and  hailstone  growth. 
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If  the  water  cloud  is  precipitating,  then  the  sequence  is  that  nucleation 
starts  ice  crystals,  which  are  caught  by  falling  drops.  Upon  this  capture 
the  drop  freezes,  and  because  it  is  large  enough,  it  splinters.  These 
splinters  start  new  ice  crystals  growing  and  the  process  is  repeated 
(Mason  and  Maybank,  I960),  (Browning  and  Mason,  1963).  The  effect 
that  this  has  on  clouds  is  discussed  by  Koenig  (  1963).  The  multiplication 
of  the  ice  crystals  due  to  splintering  plays  an  important  role  in  increasing 
the  concentration  of  hydrometeors,  and  the  ice  phase  develops  quite 
differently  from  that  of  the  colloidally  stable  supercooled  water  cloud. 

This  discussion  will  be  concerned  with  ice  hydrometeor  development 
in  clouds  colloidally  stable  in  their  liquid  phase,  and  will  thus  avoid  the 
ice  crystal  multiplication  problem,  which  brings  up  the  question  of 
discriminating  between  these  two  types  of  clouds.  This  means  that  it  is 
necessary  to  understand  the  initiation  of  the  all-liquid  phase  precipitation, 
which  is  dependent  upon  the  cloud  dynamics,  as  well  as  cloud  characteristics 
such  as  cloud  base  temperature,  depth  of  the  cloud,  size  distribution  and 
concentration  of  cloud  droplets,  and  cloud  electrical  fields.  A  careful 
development  of  this  field  is  needed,  but  for  the  present  a  rudimentary  under¬ 
standing  of  this  will  suffice  to  allow  a  preliminary  exploration  of  ice  phase 
modification.  The  rudimentary  understanding  about  which  this  discussion  is 
oriented  is  found  in  MacCready,  ct  al.  (  1957).  Here  a  precipitation  initiation 
model  developed  by  this  writer  relates  the  onset  of  the  all -liquid  phase 
precipitation  to  the  cloud  base  temperature,  rate  of  updraft,  and  cloud  top 
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temperature.  This  model  was  develope  d  assuming  that  the  initial  cloud 
droplet  distribution  was  typically  continental,  and  that  there  was  no  influence 
of  an  electrical  nature.  If  the  cloud  has  an  oceanic  droplet  distribution,  then 
this  type  of  precipitation  would  start  sooner.  The  model  also  assumes  that 
parcels  of  air  enter  the  cloud  base  and  rise  adiabatically  without  being 
diluted  by  the  environment,  until  finally  they  are  lost  out  of  the  cloud  top. 
Crude  and  out-of-date  as  this  model  is,  it  serves  to  give  a  quantitative 
orientation  as  to  the  domain  of  the  all -liquid  precipitation,  and  when  the 
subfreezing  temperatures  and  ice  nuclei  are  considered  it  indicates  the 
region  of  splintering  of  freezing  droplets.  The  ice  phase  cloud  regions  in 
which  this  splintering  does  not  occur  is  the  region  of  concern  of  this  study. 
These  are  generally  the  clouds  with  colder  cloud  bases,  lower  liquid  water 
contents,  and  higher  cloud  droplet  concentrations.  If  conditions  are 
marginal,  then  it  is  important  that  there  be  a  minimum  time  for  all-liquid 
coalescence  to  take  place  and  updraft  rate  becomes  important. 

It  seems  likely  that  the  electric  fields  play  an  important  role  in 
accretion,  but  as  there  is  no  way  to  give  this  quantitative  expression  yet,  it 
is  included  in  the  block  schematic  but  is  not  incorporated  in  the  computations. 
The  computations  of  the  hydrometeor  development  are  able  to  delineate 
several  of  the  conditions  that  have  been  indicated  to  be  associated  with  charge 
separation,  such  as  the  onset  of  riming  and  the  condition  in  hailstone  develop¬ 
ment  where  air  bubbles  are  shed  and  clear  ice  develops,  or  wet  growth  takes 
place.  A  byproduct  of  this  system  may  then  be  the  determination  of  conditions 
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favorable  for  charge  separations,  but  it  is  not  yet  able  to  take  into 
account  the  effect  of  the  electric  field  on  hydrometeor  development. 


3.  The  Problem 

In  this  report  information  has  been  collected  and  arranged  into  a 
convenient  and  compatible  computational  form  for  the  following  topics: 
A.  Ice  crystal  growth  rates  deduced  from  the  literature 
B*  Seeding  efficiencies  of  Agl,  dry  ice,  and  phlo roglucinol  as  a 
function  of  temperature 

C.  Onset  of  ice  crystal  riming 

D.  Hydrometeor  transformation  from  rimed  crystals  to  graupel 
to  hailstones 


iS.  Energy  of  ice  phase  conversion  and  cloud  dynamics. 

This  information  is  organized  so  that  it  will  be  useful  in  analyzing  and 
s  tudying; 

1)  The  development  of  hydrometcors  and  the  initiation  of  precipitation 
that  would  not  have  occurred  naturally 

2)  The  release  of  latent,  heat  of  the  ice  phase  to  stimulate  cloud  growth 

3)  The  elimination  of  the  supercooled  water  phase  to  eliminate  aircraft 
icing,  freezing  rain,  or  hail  development. 

A.  Ice  crystal  growth  rates  deduced  from  the  literature.  This  investigation 
received  considerable  stimulus  when  J.  Hallett  of  Imperial  College,  in 
private  communication,  stated  that  his  research  showed  that  ice  crystal 
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growth  was  a  far  more  complicated  function  of  temperature  than  had  been 
reported  previously.  It  became  apparent  that  this  could  well  be  one  of  the 
most  important  areas  of  misconception  in  the  understanding  of  hydrometeor 
growth,  so  this  study  was  launched  with  an  intensive  review  of  the  literature. 
Crystal  growth  information  from  tables,  scatter  diagrams,  and  micrographs 
was  studied  and  graphed.  The  lengths  of  the  a  and  c  axes  of  ice  crystals 
were  related  to  the  time  of  growth  (with  t  =  0  the  time  of  nucleation).  Then 
graphs  were  made  of  the  log  of  the  length  of  the  axes  against  the  log  of  time. 
Figures  2a  and  2b  show  these  plots  for  a  ,  the  hexagonal,  and  c  ,  the  prism, 
axes.  This  information  was  derived  from  Mason  (  1953,  1957),  Reynolds 
(  1952),  Isono  (  1959),  and  Nakaya  (  1954). 

These  plots  seemed  to  indicate  that  crystal  growth  could  be  fit  to  a 
formula: 

a  =  Kata  and  c  =  KctP  (  1) 

where  a  and  3  apparently  fall  discretely  into  1/4,  1/2,  3/4,  or  1.  Ka  and 

Kc  are  functions  of  temperature,  and  the  environment  is  always  saturated 
with  respect  to  water. 

If  formula  (1)  can  be  accepted  as  characterizing  crystal  growth,  then 
it  is  possible  to  use  other  data  where  the  time  of  nucleation  is  in  doubt.  If 
the  size  of  a  crystal  is  known  at  several  times  but  the  time  of  nucleation  is 
not  known,  then  a  linear  plot  of  the  a  and  c  dimensions  against  a  linear 
time  scale  can  be  compared  with  a  linear  plot  of  formula  (1).  This  was  done 
for  ice  crystal  growth  curves  found  in  Shaw  and  Mason  (  1955)  and  for  data 
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taken  in  a  seeded  cloud  (Todd,  1964).  Here  the  power  law  seemed  to  give 
reasonable  fits  and  a  consistent  interpretation.  The  information  was 
therefore  added  to  Figs.  2a  and  2b, 

There  have  been  several  attempts  to  put  forward  a  quantitative  explana¬ 
tion  of  the  changes  of  habit  and  rate  of  crystal  growth.  The  most  sophisticated 
is  the  work  of  Marshall  and  Langleben  (  1954).  The  explanations  are  based 
on  the  growth  by  diffusion  formula  of  Maxwell,  and  predict  that  the  growth 
of  the  linear  dimensions  will  be  proportional  to  t1/2.  It  is  apparent  that  the 
problem  is  more  complicated  than  this.  Possibly  the  line  of  approach  being 
developed  by  Mason,  Bryant,  and  Van  den  Heuvel  (  1963)  will  be  fruitful, 
where  the  concern  is  with  the  migration  distance  of  water  molecules  along 


the  crystal  surface  before  being  captured  at  a  dislocation,  or  escaping  as 
vapor  molecules.  Following  this  line  of  reasoning  in  a  qualitative  manner 
an  explanation  of  the  power  law  for  crystal  axis  growth  is  suggested. 

The  growth  of  an  axis  is  proportional  to  W4  when  the  face  has  a 
deficiency  of  dislocations  that  are  active  at  the  given  temperature  and  super¬ 
saturation.  This  would  mean  that  the  face  would  grow  as  if  a  line  dislocation 
were  sweeping  across  it.  Water  molecules  landing  on  the  face  close  to  the 
dislocation  would  have  a  high  probability  of  being  captured  by  it.  Those 
landing  further  away  from  the  dislocation  than  the  length  of  the  path  for 
surface  residence  of  free  water  molecules  would  escape  (Mason,  Bryant,  and 
Van  den  Heuvel.  1963).  Growth  is  proportional  to  t1/"  when  there  are  a 
large  number  of  active  dislocations  so  that  water  vapor  molecules  landing 
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anywhere  on  the  face  have  a  high  probability  of  being  captured  at  a 
dislocation.  It  is  not  apparent  why  these  two  cases  seemed  to  be  discrete 
or  what  sort  of  transition  there  is  between  them.  The  t3/4  growth  pattern 
holds  when  the  growth  is  on  a  thin  edge  such  as  a  thin  plate.  The  growth 
rate  becomes  proportional  to  t1  when  points  such  as  needles  or  dendrite 
arms  are  growing.  For  the  most  rapid  growth  it  is  supposed  that  the 
diffusion  of  vapor  is  augmented  by  a  convection  circulation  to  the  points. 

This  convection  apparently  could  be  driven  by  the  vapor  pressure  gradient 
to  the  points  (Nakaya.  1955,  p  105,  Weickmann,  1957,  p  320,  Schaefer, 
private  communications). 

From  the  slope  of  the  crystal  growth-rate  curves  found  in  Fig.  2a  and 
2b  there  was  evidence  to  suggest  that  a  and  0  of  formula  (!)  would  have 
to  be  a  function  of  temperature  that  would  fit  Nakaya's  (1955,  pp  244  and 
249)  temperature -crystal  growth  habit  chart.  It  was  decided  to  let  the 
boundaries  of  the  regions  on  Nakaya's  chart  determine,  the  temperature  for 
the  changes  of  value  of  a  and  0.  With  a  and  0  functions  of  temperature, 

T,  determined  in  a  manner  consistent  with  the  literature  and  Nakaya's  chart, 
it  was  then  possible  to  try  to  resolve  Ka  =  f(T)and  !<<-  =  g(T),  for  a  large 
number  of  T  values  when  t  and  T  of  the  growth  of  a  crystal  in  a  micrograph 
arc  given.  Some  sixty  of  the  crystal  micrographs  in  Nakaya  (  1955,  see 
Appendix  I)  were  accompanied  by  suitable  information  to  contribute  toward 
the  determination  of  Ka  =  f(T)  and  Kc  =  g(T).  From  this  and  all  of  the  other 
information  points  from  Figs.  2a  and  2b  it  was  possible  to  develop  an  estimate 
for  f(T)  and  g(T)  for  the  range  -2.  5C  to  -35C. 
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Figures  3a  and  3b  show  the  above  derived  estimates  of  Ka  and  a  and 
also  Kc  and  0  as  a  function  of  temperature  at  water  saturation.  These 
curves,  of  course,  are  not  a  satisfactory  substitute  for  carefully  observed 
experimental  data.  In  particular  they  are  ill-defined  in  the  regions  of 
rapid  change  of  growth  habit  and  rate.  The  data  from  which  the  curves  were 
constructed  were  taken  from  a  number  of  different  authors  and  were  based 
on  work  spread  over  more  than  20  years.  A  wide  variety  of  experimental 
techniques  were  used,  and  there  is  no  real  agreement  among  the  authors  as 
to  whether  satisfactory  control  of  vapor  saturation  with  respect  to  water 
was  maintained  during  the  experiments. 

One  other  point  not  yet  mentioned  is  that  growth  habit  seems  to  have 
some  dependence  on  the  crystal  sir.e.  For  instance,  dendrite  arms  do  not 
appear  until  the  crystal  is  larger  than  50  or  200  microns  across. 

Figures  da  and  4b  show  the  growth  along  the  a  and  c  axes  of  ice 
crystals  as  a  function  of  time,  t,  for  various  temperatures,  T.  a  and 
c  here  refer  to  the  dimensions  of  the  crystal  diameters  along  these  re¬ 
spective  axes.  From  the  Fig.  4  growths  it  is  possible  to  evaluate  the 
cross  section  area  perpendicular  to  the  direction  of  fall  A=f(T,  t)  or 
the  gross  crystal  volume  V  =f(T,  t). 

For  hexagonal  crystals 

■, .  3 

VT,t  a  T.t  cT,l 

where  V-p  t  is  the  gross  volume  of  a  crystal  grown  for  t  minutes  from 
nuclcation  at  temperature  T.  (The  gross  volume  is  given  because  it  is  not 
yet  known  how  to  make  the  correction  to  net  volume  which  would  take  into 
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account  the  hollows  in  prisms,  and  the  open  structure  in  dendritic  growth). 
Figure  5  is  a  plot  of  formula  (2).  This  is  then  transformed  to  V  and  T 
coordinates  with  isochrones  of  t  in  Fig.  6.  The  fact  that  the  isochrones 
change  shape  as  t  changes  illustrates  that  some  of  the  slow  growing  crystals 
have  relatively  fast  starts. 

For  comparison  the  ice  crystal  growth  curve  received  from  Hallet 
(private  communication)  is  shown  superimposed  on  Fig.  6.  The  agreement 
is  best  in  general  features  at  t  =  6  minutes.  The  disagreement  in  the 
location  of  maxim  urns  and  minimums  is  not  hard  to  understand  because 
Hallett's  experimental  system  is  far  superior  to  the  deductive  system  used 
here  for  resolving  detail. 

B.  Temperature  dependence  of  the  efficiency  of  Agl,  dry  ice,  and 
phloroglucinol  in  ice  phase  cloud  modification.  It  is  of  interest  to  look  at 
the  problem  of  converting  a  cloud  to  icc  assuming  that  the  crystals  do  not 
rime.  To  start  with,  a  fog  or  stratus  cloud  is  considered  in  which  the  liquid 
water  content  is  0.2  5  g  m  ,  and  it  is  assumed  that  250  active  ice  nuclei 
per  liter  can  be  introduced  into  the  cloud  at  any  desired  temperature.  This 
means  that  by  the  time  the  ice  crystals  have  grown  to  l|Jg  all  of  the  cloud 
water  will  have  been  converted  to  ice.  From  Fig.  6  it  can  be  seen  that  the 
time  required  for  growth  to  Igig  is: 

Table  1. 

30  min  at  -2.  5C 

5.  5  min  at  -5.  0C 

32  min  at  -7.  0C 

2  min  at  -  1  5.  0C 

‘15  m in  at  -2  5.  0C 
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A  more  interesting  problem  is  to  find  out  how  many  grams  of  a  seeding 
agent  are  required  to  convert  fog  to  ice  in  a  given  length  of  time,  but  at 
different  temperatures,  still  assuming  no  riming.  The  conditions  of  this 
exercise  will  be  (1)  a  cloud  of  1  km3  with  0.25  g  m  -3  of  cloud  water,  (2) 
a  time  limit  of  10  minutes.  Seeding  by  Agl  smoke,  dry  ice,  and  phloro- 
glucinol  will  be  considered. 

Agl  smoke.  Fletcher  (1959)  has  presented  a  theory  for  the  optimum 
performance  of  Agl  smoke  generators.  His  curve  for  this  is  presented  in 
Fig.  7.  It  represents  the  envelope  of  curves  of  nucleation  temperatures  for 
smoke  of  uniform  size.  According  to  this  theory  all  particles  of  the  same 
size  should  nucleate  at  a  given  temperature.  Presumably  then,  adjustment 
of  a  generator  could  make  it  favor  either  warmer  or  colder  nucleation 
temperatures,  but  the  curves  would  stay  within  the  envelope.  The  calibration 
curve  for  the  Sky  fire  generator  is  given  in  Fig.  7  as  worked  out  by  Fuquay 
and  Wells  (  1957).  It  falls  below  the  Fletchc  r  curve  as  theory  predicts,  but 
it  shows  good  efficiency  for  relative  warm  temperature  nucleation.  This 
curve  will  be  used  as  indicative  of  the  effectiveness  of  Agl. 

Phlorogiucinol.  Phloroglucinol  is  one  of  several  organic  crystals 
discovered  to  be  effective  in  nucleating  ice  crystals.  It  nucleates  at  tempera¬ 
tures  as  warm  as  -2C,  and  at  -3C  a  0.  5b  particle  is  effective  according  to 
Langer  and  Rosinski  (1962).  This  is  most  interesting  in  light  of  the  ice 
crystal  growth  maximum  in  the  -3C  to  -6C  range.  It  means  that  phloroglucinol 
may  have  substantial  advantages  over  Agl  and  dry  ice  as  well.  It  may  broaden 
greatly  the  range  of  clouds  that  can  be  subject  to  ice  phase  modification. 


There  is  still  much  to  learn  about  seeding  with  this  agent.  Experiments 
done  thus  far  have  not  been  able  to  test  its  full  potential  (Braham  1963). 

It  is  important  to  develop  a  technique  which  will  put  out  optimum  sizes  of 
phloroglucinol  crystals  in  order  to  produce  large  numbers  of  nuclei.  If 
the  0.  5U  crystal  can  be  produced,  then  it  would  be  possible  to  make 
8  X  1013  cm'3  of  material.  With  a  density  of  0.  6  g  cm"3  there  would  be 
1.  3  X  10  crystals  g -1  .  Such  a  line  is  entered  in  Fig.  7  for  phloroglucinol. 
There  is  still  much  left  to  speculation  about  this  substance  and  the  following 
questions  should  be  the  subject  of  immediate  investigation: 

a.  What  portion  of  0.  5pi  crystals  nucleate  at  -3C? 

b.  Will  the  crystals  dissolve  and  become  ineffective  if  they  enter 
a  cloud  through  the  condensation  level  at  cloud  base? 

c.  Mow  does  the  size  requirement  for  nucleation  change  as  a  function 
of  tern  per  a  tun  ? 

-r?ry  ir  I' a  die  and  Moo  (  1963)  made  a  laboratory  study  to  determine 
the  effectiveness  of  freely  falling  dry  ice  particles  as  a  nucleating  agent. 

Here  the  hypothesis  was  that  th.  falling  particles  would  not  chill  the  air  long 
enough  for  nucleation  to  take  place  and  the  ice  crystal  to  grow  to  a  stable 
size  if  the  temperature  were  near  0C.  Their  observations  confirmed  the 
hypothesis,  and  as  shown  in  the  curves  of  Fig.  7,  falling  dry  ice  becomes 
very  much  less  effective  as  the  temperature  warms  from  -7C  towards  0C, 
while  dry  ice  at  rest  retains  its  yield  rate  until  nearly  0C.  It  is  noted  that 
Braham  (  1963)  estimates  the  yield  of  ice  crystals  from  dry  ice  2  to  3  orders 
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Of  magnitude  lug!,,  ,  .  It  is  not  known  how  Braham  arrived  at  his  figure, 
but  Mee,  in  private  communications,  explains  that  really  objective  means 
of  determining  the  number  have  not  been  developed  and  that  their  estimate 

is  conservative.  For  this  study  the  Eadie  and  Mee  curve  will  be  used 

m ■» 

It  has  been  suggested  by  some  that  powdered  dry  ice  should  be  a  more 
efficient  seeding  agent  than  cm-sized  chunks,  but  here  the  cooling  time 
and  fall  velocity  decrease  together,  and  according  to  Mee  (private  communi¬ 
cation)  the  problem  of  insufficient  cooling  time  at  warm  temperatures  is 
still  unsolved  by  this  suggestion. 

Compar^o^e^^  Thc  mass  of  sccding  agent  requirea 

to  ti  .sform  a  cloud  into  ice  with  a  predetermined  size  of  ice  crystal  is  as 


follows : 


M  -  - 


ViTt  x  Nx 


yLiy  -  the  -olume  of  liquid  water  to  be  converted  into  ice  crystals. 

^LW  ^cloud  *n  111  multiplied  by  volume  of  cloud  water  m 
viTt  the  volume  of  an  individual  ice  crystal  at  T,  t  minutes  after 
nuclcation. 

Nx  =  the  number  of  ice  nuclei  activated  per  unit  mass  of  seeding 
agent  at  temperature  T. 

If  Nt  is  plotted  on  a  chart  compatible  with  Fig.  5,  that  is,  with  the 
temperature  scales  the  same  and  N  -1  scale  the  same  log  scale  as  V,  then 
once  the  proportionality  factors  of  VLW  have  been  solved  the  solution  for  all 
T  can  be  found  by  graphical  subtraction  of  the  logs  of  ViTt  and  NT  from 
VLW-  Tlus  can  be  accomplished  from  Figs.  5  and  6. 
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Table  2. 


Maximum  Phloroglucinol 


T 

Agl 

Dropped 

COs 

efficiency 

cos 

0.  5 gt  si  ze 
particle  s 

-2.  5C 

107  kg 

350  kg 

50  g 

-5.  0 

4000  g 

2300 

15 

6 

-7.  5 

700 

1000 

150 

80 

-10.  0 

22 

90 

50 

27 

-12.  5 

0.  50 

5.  0 

4.  0 

2.  5 

-15.  0 

0.  02 

0.  4 

0.  3 

0.  25 

-20 

0.  2 

15 

15 

12.  0 

-25 

1.  0 

2  00 

200 

15.0 

Table  2  shows  how  many  g  of  Agl  and  kg  of  dry  ice  would  be  needed 
to  turn  the  one  cubic  kilometer  cloud  from  water  to  ic.c  in  10  minutes. 

Table  2  illustrates  vividly  the  effect  of  the  relationship  of  ice  crystal 
growth  as  a  function  of  temperature  and  nuclei  activation  as  a  function  of 
temperature  on  modifying  fog  or  stratus.  The  effect  is,  however, 
cxaG8e  r  atcc*  in  that  the  dendrites  contain  less  net  volume  of  water  than 
computed  here.  The  second  factor  is  that  growth  by  riming  becomes 
more  important  than  growth  by  diffusion  after  a  certain  size  is  reached. 
This  reduces  the  disparity  between  the  slow  and  fast  growing  crystals. 
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Whereas  it  may  not  matter  for  some  types  of  stratus  modification 
whether  it  takes  2  minutes  or  30  minutes  to  produce  the  effects,  in 
cumulus  clouds  the  timing  can  make  a  critical  difference  in  producing  the 
desired  effect.  It  is  therefore  interesting  to  try  to  deduce  something 
about  the  growth  of  ice  crystals  in  a  cumulus  cloud  updraft.  This  problem 
is  complicated  by  the  fact  that  ice  crystal  growth  habits  change  as  crystals 
change  temperature.  These  changes  in  habit  produce  complicated  forms 
of  ice  crystals  (Nakaya,  1954).  For  this  purpose,  however,  some  insight 
can  be  gained  even  though  habit  changes  during  growth  are  not  compensated 
for. 

It  is  assumed  the  growth  of  the  volume  of  a  crystal  in  a  rising  air- 
current  can  be  approximated  by  a  step-wise  progression  across  Fig.  5. 
From  the  rate  of  updraft,  the  time  a  crystal  grows  at  each  AT  is  deter¬ 
mined.  A  nucleation  temperature  is  chosen  for  tire  start  of  crystal  growth. 
Their  tire  crystal  is  grown  for  At  at  tire  rate  determined  by  T0  to  V0 .  Then 
it  is  moved  to  Tx  =  T0  1  AT  and  grows  for  At  to  V0  +  AV\,  and  so  on  to 
V0  I-  AVj  +  AV . 

Figures  8a,  b,  c,  d  show  the  growth  of  crystal  volume  derived  in  this 
manner  for  updrafts  of  1.  25,  2.  5,  5.  0,  10.  0  m  sec"1  .  At  each  updraft 
rate  a  range  of  nucleation  temperatures  are  used.  Here  can  be  seen  how 
the  speed  of  the  updraft  diminishes  the  growing  time  for  growth  by  diffusion. 
But  a  cloud  with  5.  0  m  sec-1  updraft  (Fig.  8c)  can  be  completely  converted 
to  ice  by  -16C  if  it  has  1  g  m-J  of  liquid  water  and  if  it  can  be  seeded  with 
2  ice  nuclei  cm-3  active  at  -11C. 
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c.  Onset  of  Riming 

Riming  plays  an  important  part  in  ice  phase  growth  but  the  conditions 
under  which  it  takes  place  have  not  yet  been  bounded  by  experimental 
evidence.  Both  Houghton  (1950)  and  Douglas  (1959)  have  assumed  simple 
solutions  to  this  problem  in  order  to  carry  out  theoretical  analyses  of  ice 
phase  precipitation  development.  Since  Hocking  (  1959)  and  Shafrir  and 
Neiburger  (1963)  have  worked  out  refined  solutions  to  the  limits  of  aero¬ 
dynamic  collision  among  water  droplets,  it  seems  appropriate  to  look  at 
the  riming  and  graupcl  development  problem  again.  It  would  appear  that 
it  should  be  possible  to  deduce  an  improved  solution  based  on  analogy 
between  ice  crystal  and  water  drop  collision  with  cloud  droplets.  The 
condition  of  the  analogy  must  depend  on  a  comparison  of  fall  velocities 
between  water  droplets  and  ice  crystals  as  well  as  their  cross  section 
shape  s . 

Nakaya  (  1954)  gives  the  fall  velocity  of  snowflakes,  but  no  fail  velocity 
information  on  ice  crystals  of  the  20  to  200p  range  has  been  found  in  the 
literature.  To  fill  this  gap  an  effort  has  been  made  to  deduce  terminal 
velocities  of  ice  crystals  from  their  aerodynamic  shapes.  This  is  dis¬ 
cussed  in  Appendix  II.  The  results  are  given  in  Fig.  9  where  they  'an  be 
compared  with  the  terminal  velocities  for  water  drops  (Gunn  and  Kin/.er, 
1949). 

It  is  assumed  that  plates  fall  flat  and  that  needles  fall  with  their  c  axes 
perpendicular  to  the  direction  of  fall.  There  are  two  fall  velocity  curves 
plotted  for  needles,  one  with  velocity  against  the  a  axis  which  determines 


16 


the  rate  of  fall,  and  the  other  against  the  c  axis  determined  from  Fig.  4b 


for  -5C.  The  c  axis  is  the  dimension  that  is  generally  observed  and 
discussed.  It  is  interesting  to  note  that  the  computed  fall  velocities  show 
rather  good  agreement  with  the  fall  velocities  observed  for  needles  by 
Nakaya  (  1954,  p  114),  also  given  in  Fig.  9. 

There  is  a  temptation  to  try  to  explain  the  fall  velocity  of  the  unrimed 
dendrites  by  considering  them  to  be  analogous  to  a  composite  made  of  a 
central  plate  with  needle  arms,  or  branched  needle  arms.  For  this  to 
fitNakaya's  (  1954,  p  114,  given  in  Fig.  9)  fall  velocity  for  dendrites,  the 
needles  should  be  50p  across.  Measurement  of  a  number  of  micrographs 
of  dendrites  given  by  Nakaya  indicate  that  dendrite  arms  tend  to  be  about 
lOOp  broad.  So  the  explanation  must  be  somewhat  more  complicated.  It 
is  known,  however,  that  the  arms  arc  thinner  than  they  are  broad,  so 
theoretically  it  seems  likely  that  the  terminal  velocity  of  dendrites  can  be 
explained  rather  simply. 

The  collection  efficiencies  E^  for  ice  crystals  sweeping  up  cloud  drop¬ 
lets  have  not  yet  been  worked  out.  For  the  present  the  best  solution  to  this 
problem  seems  to  be  to  deduce  E^  by  assuming  that  there  is  a  similarity 
between  E^  and  Ew  collection  efficiency  for  water  drops.  It  would  seem 
this  approach  will  be  most  apt  to  produce  large  errors  in  the  critical 
regions  between  no  collisions  and  the  start  of  collisions.  But  this  uncer¬ 
tainty  region  for  Ej  is  not  as  important  as  it  might  at  first  appear,  because 
ice  crystals  grow  rapidly  through  it.  Water  droplets,  on  the  other  hand, 
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are  apt  to  slow  down  in  growth  as  their  size  approaches  this  region,  so 
it  can  be  highly  critical  for  water  drop  coalescence. 

The  collision  efficiencies  worked  out  by  Shafrir  and  Neiburger  (1963) 
have  been  transformed  into  coordinates  more  suitable  for  this  analysis 
and  are  presented  in  Fig.  10.  Also  in  Fig.  10  is  a  supe  rim  position  of  the 
difference  in  fall  velocity  between  the  collecting  drop  and  the  cloud  droplets. 

When  neither  the  overtake  velocity  nor  the  cross  section  area,  and 
hence  the  collection  efficiency,  are  sufficient  to  cause  collision  of  water 
droplets,  then  it  is  assumed  that  there  would  be  no  collisions  among  ice 
crystals  and  cloud  particles.  For  the  cases  where  overtake  velocity  and 
the  cross  sections  of  ice  crystals  are  within  the  collision  range  for  water 
droplets,  it  is  assumed  that  ice  crystals  will  collide  with  cloud  droplets. 
When  either,  but  not  both,  the  overtake  velocity  or  the  cross  section  for  die 
ice  crystals  are  in  range  of  collision,  the  problem  is  indeterminant. 

From  Fig.  10  it  can  be  seen  that  cloud  water  droplets  of  15  to  30p  are 
the  ones  that  will  be  collected  first  by  a  growing  ice  crystal.  By  referring 
to  big.  9  it  can  be  seen  that  the  crystals  that  will  require  minimum  growing 
time  to  start  riming  will  be  those  that  grow  at  -15C.  These  should  be  both 
broad  enough  and  fall  fast  enough  to  begin  riming  in  a  little  over  one  minute 
after  nuclcation.  The  ice  needles  which  grow  at  -5C  gain  fall  speed  rapidly 
but  probably  are  not  broad  enough  to  begin  riming  until  the  a  axis  is  30p 
long;  this  requires  more  than  two  minutes  of  growth.  Crystals  at  -10C 
must  grow  about  five  minutes  to  achieve  falling  speed  sufficient  to  catch 
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cloud  particles.  At  -25C  crystals  will  have  a  and  c  axes  nearly  equal 
and  will  fall  about  as  small  water  droplets  of  equal  size.  It  will  require 
almost  ten  minutes  of  growth  before  these  will  start  to  rime. 

An  estimate  of  the  time  at  which  riming  becomes  an  important  feature 
in  the  growth  of  the  ice  hydrometeors  is  added  to  Figs.  8a,  b,  c,  and  d. 

The  estimate  assumes  that  the  water  cloud  is  made  up  largely  of  droplets 
in  the  1  5  to  3  Op  range. 

On  the  other  hand,  it  is  interesting  to  note  by  a  study  of  Figs.  9  and 
10  that:  (1)  Dendrites  may  never  fall  fast  enough  nor  have  broad  enough 
arms  to  collect  cloud  drops  less  than  8p  in  diameter  unless  they  rime  by 
catching  larger  cloud  droplets  and  thus  gain  speed.  (2)  Needles  may  have 
to  grow  more  than  30  minutes  in  order  to  become  broad  enough  to  intercept 
cloud  droplets  less  than  8p  in  diameter.  Cloud  droplets  smaller  than  8p 
arc  almost  immune  to  riming  and  can  be  collected  only  by  graupol,  hail, 
or  possibly  by  needles  that  had  grown  for  more  than  40  minutes. 

In  light  of  this  it  is  interesting  to  look  at  Nakaya's  (  1954,  p  1  17) 
frequency  curve  of  diameters  of  droplets  attached  to  snow  crystals.  Here 
he  finds  the  maximum  frequency  at  28p  and  none  below  13p.  Of  course  it 
could  be  that  the  cloud  had  no  smaller  droplets. 

D •  Hydrometeor  Transformation  from  Rimed  Crystals  to  Graupel  to 

Hail  stone  s. 

Douglas  (  19  59)  computed  the  growth  rates  of  hydrometeor  s  starting  from 
small  ice  crystals,  but  in  light  of  the  foregoing  analysis  of  ice  crystal  growth 
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rates  and  the  onset  of  riming  as  well  as  recent  work  done  by  others,  it  is 
worthwhile  to  look  at  this  problem  again.  As  is  well  known,  the  fall 
velocity  and  the  rate  of  growth  of  ice  hydrometeors  are  a  function  of  density. 
Macklin  (  1962)  has  made  a  study  of  the  density  and  structure  of  ice  formed 
by  accretion.  Important  features  of  this  study  are  shown  in  Fig.  11  which 
was  adapted  from  Macklin's  Fig.  7  and  Fig.  13.  These  relate  density  and 
appearance  of  a  hydrometeor  to  (a)  the  size  of  the  accreted  particles,  (b) 
the  impact  velocity  with  which  they  are  collected,  and  (c)  the  surface 
temperature  of  the  collector.  List  (  1960)  has  worked  out  the  terminal 
velocities  for  hailstones  of  a  variety  of  densities  and  shapes.  These  are 
added  to  Fig.  9  to  fill  out  a  skeleton  chart  relating  terminal  velocities  and 
particle  diameters  for  a  wide  range  of  ice  hydrometeors.  Mossop  and 
Kidder  (1962)  have  studied  factors  controlling  the  shape  of  hailstone  develop¬ 
ment  so  that  a  computational  guide  to  the  growth  of  graupet  and  hailstones 
during  accretion  is  available.  The  essence  of  this  guide  is  incorporated  in 
Fig.  9.  Finally  List  (1963)  has  filled  in  the  major  remaining  gap  by  working 
out  the  heat  and  mass  exchange  for  spherical  hailstones.  This  will  be 
discussed  below.  There  are  still  many  problems  in  reconciling  all  of  the 
different  assumptions  made  by  the  several  different  investigators  and 
bringing  the  different  contributions  into  one  working  model.  Yet  before  this 
can  be  completed  it  is  possible  to  make  useful  estimates  of  the  appearance, 
density,  size,  and  fall  velocity  of  ice  hydrometeors. 
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List  (  1963)  gives  the  expression  for  thermodynamic  equilibrium  of 
a  growing  hailstone, 

1.  68k(tp  -  t/J  +  Cx  ,  3  DwaTA  1  ( esh  ~  esv  j  =  v1/a  vi/sDi/a  Q -i  Ewf 
0,  785  [LfI  -  cw(tD  -  tA)] 

where  the  symbols  have  the  following  meaning: 
k  the  thermal  conductivity  of  air 


surface  temperature  of  the  hailstone 

tA 

air  temperature 

C! 

207  kcal  deg  m  ~3  for  phase  transitions 

liquid-gas 

Cs 

235  kcal  deg  m"3  for  phase  transitions 

solid  -ga  s 

Dwa 

diffusivity  of  water  vapor  in  air 

ta 

absolute  air  temperature 

G  sh 

saturated  vapor  pressure  over  hailstones 

esv 

saturated  vapor  pressure  over  water 

Lf 

latent  heat  of  freezing 

I 

ratio  of  frozen  water  to  total  water 

cw  specific  heat  of  water 

V  kinematic  modulus  of  viscosity 

D  diameter  of  hailstone 

9  heat  transfer  of  a  natural  rough  surface  divided  by  the  heat 

transfer  of  an  ideal  smooth  surface,  found  by  List  to  be  1.  5 
E  collection  efficiency  which  is  assumed  to  be  1.  0  unless  other 
wise  spec ified 

w^  liquid  water  content  of  cloud 


List  (  1963)  gives  a  graphical  solution  to  equation  (4)  in  his  Fig.  2. 

This  graphical  solution  is  adapted  to  the  purposes  of  this  paper  and  is 
presented  in  Fig.  12.  The  coordinates  have  been  changed  so  that  they 
correspond  to  those  of  Fig.  9.  This  makes  it  possible  to  transfer  the 
value  for  v^'^D1/3  directly  from  Fig.  9  to  Fig.  12.  List's  value  6  1.  5 

is  retained,  but  the  scale  is  shifted  so  that  the  value  for  the  liquid  water 
content  of  the  cloud  can  be  entered  directly.  List  developed  the  graph  for 
a  hailstone  density  of  0.917  g  cm’3,  but  this  graph  has  been  generalized 
so  that  any  desired  density  can  be  used. 

In  his  Fig.  6  List  has  solved  for  the  growth  conditions  under  which 
mass  exchange  by  suolimation  and  evaporation  are  zero,  Mos>:<  =  0.  He 
also  has  a  line  for  mass  increase  through  sublimation  equaling  the  mass 
increase  through  accretion,  Ms,;<  =  MCp^.  These  lines  have  been  added  to 
Fig.  12.  The  altitude  has  a  substantial  effect  on  Ms>;t  =  MCp>:<  so  this  curve 
is  given  for  800  and  200  mb. 

Figures  9,  11,  and  12  contain  the  information  necessary  for  solving 
hydrometeor  growth  problems.  The  solution  is  obtained  by  iteration,  and 
involves  working  with  all  three  charts.  In  order  to  work  out  a  convenient 
method  for  using  the  three  charts,  the  following  system  has  been  devised: 
The  vertical  scale  of  Fig.  11  is  matched  to  that  of  Fig.  9,  with  the  value 
of  the  diameter  of  the  accreted  droplets  on  the  right  scale  of  Fig.  11  set 
to  match  the  left  index  on  Fig.  9.  Fig.  12  is  related  to  Fig.  9  by  sliding 
the  left  hand  edge  of  Fig.  12  along  the  diagonal  reference  line  on  Fig.  9 


until  the  desired  value  of  liquid  water,  wf  ,  matches  the  wf  index  point 
on  Fig.  9.  From  this  alignment  of  charts  it  is  possible  to  find  V1/aD1^a 
values  from  Fig.  9  to  solve  the  heat  balance  or  surface  temperatures  of 
Fig.  12.  By  entering  the  surface  temperature  in  Fig.  11  the  density  and 
shape  of  the  hydrometeor  is  obtained  to  solve  for  a  new  v  and  D  in  Fig.  9, 
and  so  on.  The  solution  can  be  made  even  more  general  if  the  charts  of 
Appendix  II  are  used  instead  of  Fig.  9  for  solving  terminal  velocities. 

E.  Conversion  to  Ice  Phase  and  Cloud  Dynamics 

The  conditions  in  terms  of  number  of  nuclei  and  time  required  to 
convert  a  supercooled  water  cloud  to  the  ice  phase  can  be  found  from 
Figs.  8a,  b,  c,  d.  This  change  of  phase  will  have  two  immediate  effects 
on  tiie  dynamics  of  die  cloud.  First,  it  will  increase  the  buoyancy  of  the 
cl  ud.  The  amount  is  given  in  terms  of  virtual  temperature  by  Saunders 
(  1957)  and  is  sho wn  in  his  Figs.  1,  3,  and  5.  If  flic  increase  in  buoyancy 
is  sufficient  to  overcome  stability  of  the  environment  that  is  limiting  cioud 
development,  then  the  cloud  will  develop  in  the  vertical.  A  classical  ex¬ 
ample  of  this  is  reported  by  Kraus  and  Squires  (1947).  Second,  the  increase 
of  buoyancy  in  the  cloud  will  decrease  the  pressure  at  the  cloud  base.  I  igure 
14  is  a  chart  for  computing  this  decrease  due  to  seeding  APS.  In  big.  14 
are  isolines  of  the  difference  in  pressure  AP  between  a  cloud  transformed 
into  ice  at  OC  and  a  similar  cloud  transformed  into  ice  at  a  lower  tempera¬ 
ture  Tc.  If  an  unseeded  cloud  is  in  water  phase  below  Tj  and  ice  phase 
at  hei  ghts  above  T^  then  the  cloud's  AP  =  APt0p  -  AP^  [ . 

f 
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If  a  cloud  is  seeded  and  transformed  into  ice  at  Ta  then  APg  =  AP  p  -  APp  . 
In  the  case  where  the  height  of  the  top  of  the  cloud  increases  with  seeding 
then  the  pressure  at  cloud  base  is  decreased  even  more. 

4.  Discussion 

A  system  has  been  outlined  and  the  graphs  have  been  constructed  for 
solving  ice  phase  hydrometcor  growth  problems.  The  system  is  based  on 
the  theoretical  and  experimental  work  reported  in  the  literature.  There  are 
gaps  in  the  theory  and  observations,  and  it  is  vital  to  the  future  of  the  field 
that  these  gaps  are  recognized  and  filled  by  valid  experiments  and  care¬ 
fully  developed  theory.  The  important  gaps  that  became  apparent  during 
the  development  of  this  study  are  as  follows: 

a.  Ice  crystal  growth  rates  for  both  a  and  c  axes  of  ice  crystals  from 
the  time  of  nucleation. 

This  should  be  a  reasonably  straightforward  problem  to  solve  in 
terms  of  experimental  techniques  now  available. 

b.  Fall  velocities  of  various  types  of  ice  crystals. 

Though  these  have  been  worked  out  for  water  droplets,  hailstones, 
and  snowflakes,  it  still  remains  to  he  done  for  ice  crystals. 

c.  Onset  of  riming  of  ice  crystals. 

This  apparently  has  not  yet  been  determined  experimentally.  It 
must  be.  a  function  of  the  size,  shape,  and  fall  velocity  of  the  ice  crystal 
as  well  as  the  size  of  the  cloud  droplets. 

d.  The.  accretion  rate  of  ice  crystals  once  riming  has  started,. 


This  must  be  studied  experimentally  for  a  wide  range  of  initial 
shapes  of  ice  crystals  in  water  clouds  with  droplets  of  various  sizes, 
e.  Methods  of  spontaneous  nucleation  of  ice  crystals  other  than  with  dry  xcc. 

There  is  an  important  need  to  produce  nuclei  effective  at  roughly 
-3C  and  it  would  seem  that,  as  falling  dry  ice  particles  are  very  ineffi¬ 
cient  at  this  temperature,  one  of  the  apparent  advantages  for  dry  ice 
does  not  exist.  For  this  reason  other  techniques  should  be  studied,  sucli 
as  producing  nuclei  in  air  by  compressing,  cooling,  and  expanding  the 
saturated  air  itself. 

f •  The  effective  use  of  phlo rogluc inol. 

The  -2C  threshold  for  ice  nucleation,  and  the  apparent  potentially 
large  number  of  active  nuclei  per  gram  make  this  agent  of  great  interest. 
It  is  necessary,  however,  to  find  out  how  to  produce  the  optimum  number 
of  nuclei  active  at  temperatures  warmer  than  -4C.  It  is  also  vital  to 
find  out  if  this  agent  can  he  released  from  below  cloud  base  without  its 
being  dissol\cd  and  diluted  to  where  it  loses  its  nucleating  power  as  it 
passes  through  the  condensation  level  at  cloud  base. 

5.  Conclusions 

Before  laboratory  work  is  completed  to  fill  the  above  mentioned  gaps, 
much  can  be  learned  about  the  potentialities  and  limitations  of  ice  phase  cloud 
modification  by  computing  through  the  effects  of  proposed  modifications.  Even 
without  computing  some  of  the  more  involved  hydrometeor  growths,  it  is 
apparent  that  there  is  a  substantial  advantage  in  being  able  to  nucleate  at 
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warmer  temperatures  than  those  at  which  Agl  is  effective.  The  fact  that 
there  is  an  ice  crystal  growth  maximum  at  -4C  indicates  that  if  there  can 
be  effective  nucleation  at  this  temperature  it  should  be  possible  to  make  a 
substantial  increase  in  the  number  of  clouds  that  would  be  susceptible  to 
ice  phase  modification.  The  -4C  growth  maximum  is  also  in  the  range  in 
which  dry  ice  pellets  poured  out  of  an  aircraft  arc  inefficient  at  seeding. 
Therefore,  a  high  priority  should  be  given  to  learning  how  to  use  phloro- 
glucinol,  and  some  attention  should  be  given  to  developing  techniques  for 
producing  spontaneous  nucleation  of  ice  without  using  dry  ice. 

It  should  be  possible  to  develop  a  reasonable  comprehensive  model  of 
the  present  potentials  of  ice  phase  cloud  modification  when  a  systematic 
computational  exploration  can  be  made  using  the  graphical  system  outlined 
here.  The  structure  for  such  a  model  could  be  similar  to  the  one  developed 
by  this  writer  (MacCrcady,  et  al.  ,  1957).  It  was  discussed  in  the  background 

section  of  this  report.  This  model  would  predict  the  effects  upon  a  cloud  of 
varying  the  concentrations  and  temperatures  of  activation  of  ice  nuclei.  For 
simplicity  the  model  would  be  computed  for  clouds  in  which  the  air  flows 
up  through  the  cloud  base,  and  ascends  adiabatically  and  unmixed  with  the 
environment  until  it  mixes  with  the  surroundings  as  it  leaves  the  cloud  top. 
The  model  would  be  computed  for  a  broad  range  of  discrete  cloud  base 
temperatures  and  for  a  wide  range  of  updraft  velocities  and  cloud  top 
temperatures.  The  number  of  cases  involved  here  is  large,  but  because  of 
the  similarities  among  them,  the  patterns  of  solution  would  become  apparent 
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and  it  would  be  possible  to  interpolate  results  and  fill  in  a  comprehensive 
model  with  a  reasonable  amount  of  work.  The  rewards  for  doing  this 
would  be  tremendous  in  terms  of  increased  understanding  of  ice  phase 
cloud  modification  potentials. 
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Fig.  1.  BLOCK  DIAGRAM  OF  CLOUD  PHYSICAL  PROCESSES 
AND  CLOUD  MODIFICATION. 
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VALUES  OF  THE  ICE  CRYSTAL  GROWTH  PARAMETERS 
AS  A  FUNCTION  OF  TEMPERATURE. 
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Fig.  6.  ISOCHRONES  OF  CRYSTAL  MASS  VERSUS  GROWING  TEMPERATURES, 
AS  DEVELOPED  FROM  FIG.  5. 


Included  is  the  relative  crystal  growth  rate  reported  by  Hailett  in  private  com¬ 
munication.  Also  included  is  the  deduced  onset  o£  riming  curve. 
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Fig.  12.  THIS  CHART  ADAPTED  FROM  LIST  (  1963)  IS  FOR  COMPUTING 
SURFACE  TEMPERATURES  OF  ICE  HYDROMETEORS  WHEN 
USED  IN  CONJUNCTION  WITH  FIG.  9. 

The  value  of  the  liquid  water  content  of  the  cloud  found  on  the  left  scale  is 
matched  with  the  Wf  reference  point  on  Fig.  9.  The  size  and  shape  of  the 
ice  hydrometeor  is  entered  in  Fig.  9  and  a  line  is  drawn  through  this  point 
perpendicular  to  the  reference  line  to  the  air  temperature  of  Fig.  12.  Here 
the  ice  hydrometeor  surface  temperature  is  found  by  interpolating  if  the  air 
pressuie  is  known.  The  Mes  -  0  curve  indicates  the  conditions  under  which 
evaporation  and  sublimation  are  in  equilibrium.  Above  this  curve  accretion 
is  diminished  by  evaporation,  below  it  is  enhanced  by  sublimation.  The 
Ms  “  MCp  line  shows  the  conditions  in  which  growth  by  sublimation  equals 
the  growth  by  accretion. 
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To  find  the  decrease  in  pressure  created  by  changing  a  cloud  with  the  base 
temperature  of  20C  to  ice  at  -IOC  instead  of  -30C,  subtract  -1.  4  from  -4 
and  read  AP  =  -2.  6  mb. 


Appendix  I 


ICE  CRYSTAL  MEASUREMENTS  MADE  FROM  NAKAYA  (  1954) 

Nakaya's  book  was  studied  carefully  and,  wherever  there  was  informa¬ 
tion  that  could  be  translated  into  growth  rates  of  ice  crystals  or  snow 
crystals  at  controlled  conditions,  it  was  tabulated  and  analyzed.  Table  1 
is  a  tabulation  of  the  information.  Column  a  is  Nakaya's  reference,  figure 
number,  and  crystal  number.  Column  b  is  the  time  of  growth  from 
nucleation.  Column  c  is  the  length  of  the  a  axis  measured  from  the  plate. 
Column  d  is  the  length  of  the  c  axis  measured  from  the  plate.  Column  e  is 
Tw,  the  temperature  of  the  water  at  the  bottom  of  Nakaya's  apparatus. 
Column  f  is  the  temperature  of  the  air  ambient  to  the  crystal  Ta.  Columns 
g,  h,  i,  and  j  are  the  coefficients  Ka  of  the  equation  a  =  Ka  ta  for  values 
of  a  from  1/4,  1/2,  3/4,  and  1  respectively,  which  would  give  value  a 
column  c  at  time  t  column  b.  Columns  k,  1,  m,  and  n  are  similar  to 

g,  h,  l,  and  j  but  are  for  c  axis  measurement.  The  units  of  Ka  arc 
hundreds  of  microns  per  minute. 
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A  review  of  this  information  as  related  to  the  Tw  Ta  diagram  of 
Nakaya  led  to  the  empirical  derivation  of  the  Ka  and  curves  found 
in  Fig.  3  in  the  text. 
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Appendix  II 


HYDROMETEOR  TERMINAL  VELOCITY  COMPUTATIONS 

It  facilitates  cloud  physics  analysis  to  have  a  convenient  method  for 
computing  terminal  velocities  of  hydrometeor s  as  they  grow,  change 
density  and  shape,  as  they  pass  through  different  densities  of  air.  The 
following  discussion  develops  a  graphical  method  for  doing  this.  This 
graphical  system  used  in  conjunction  with  the  graphical  system  for  deter¬ 
mining  the  density,  shape,  and  visual  characteristics  of  ice  hydrometeors 
should  make  possible  a  fairly  good  solution  to  the  hydrometeor  development 
and  fall  velocity  problem  once  the  initial  cloud  parameters  arc  known. 

The  terminal  velocity  V  is  the  velocity  at  which  G  =  F.  That  is,  the 
forces  of  gravity  G  balance  the  resistance  forces  F. 

The  drag  coefficient  Cp>  is  a  dimensionless  quantity  defined  by 

F  =  l/2pVsSCD  (  1) 

where  F  is  the  force  acting  on  the  particle  in  the  direction  opposite  to 
its  motion,  p  is  the  density  of  the  surrounding  fluid  in  g  cm-3,  V  is  the 
velocity  of  the  particle  in  cm  sec-1  and  S  is  die  projected  area  of  the 
particle  in  the  direction  of  fall  in  cm3  . 

The  gravitational  force  acting  on  a  particle  is: 

G  =  gM(ps  -  p)  (2) 

where  g  is  the  force  of  gravity, and  M  is  the  mass  of  the  particle,  and 
pg  is  the  density  of  the  particle.  V*  is  defined  as  the  terminal  velocity 
when  the  gravitational  force  and  drag  force  are  in  equilibrium. 
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For  any  shape  CD  =  f(Re) 


where  d  is  a  linear  dimension  of  the  particle  perpendicular  to  the  direction 
of  fall  and  is  the  kinematic  modulus  of  viscosity. 

Figure  A  gives  the  CD  =  f(Re)  for  some  of  the  shapes  appropriate  for 
the  evaluation  of  terminal  velocities  of  hydrometeors.  The  water  droplet 
CD  values  were  taken  from  Gunn  and  Kinzer  (1949).  Values  for  ice  hydro¬ 
meteors  for  Rc  ^  103  were  derived  experimentally  by  List  (I960).  Values 
for  Cd  of  plates  are  found  by  doing  a  transformation  on  the  resistance  for 
spheres  (Menzel,  I960).  The  CD  for  long  cylinders  is  taken  from 
Wieselsberger  (  1943).  These  drag  coefficients  give  analogies  for  most  of 
the  hydrometeor  forms  through  the  necessary  range  in  Re  .  From  them  it 
should  be  possible  to  make  reasonably  good  estimates  of  V,.t  for  the 
hydrometeors  that  are  important  to  cloud  modification.  There  is  a  need  to 
extend  the  experimental  results  throughout  the  rest  of  the  range  of  hydro¬ 
meteors.  This  is  especially  important  because  of  the  open  and  hollow 
shapes,  and  because  of  the  roughness  of  some  ice  forms. 

Equating  (  1)  and  (2)  gives 

l/2pV2SCD  =  gM(pg  -  p)  . 

Because  for  atmospheric  work  ps  »  p,  Pg  is  substituted  for  (pg  -  p), 
and  then  (3)  becomes: 

l/2pV2SCD  =  gMp  g  .  (  4) 
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The  size  and  shape  factors  of  the  hydrometeors  determine 


S  _  kj  d3  _  k3 

Mpg  kg  ^d  ps  /  P  g 

where  d  is  the  dimension  used  in  determining  Re,  /  is  the  dimension 
in  the  direction  of  fall,  k3  and  k3  are  constants  of  geometry,  and 
kj  /  kg  —  kg  . 

For  a  cube  k3  =  1  /  =  d 

For  a  sphere  k3  =  3/2  J_  -  d 

For  a  hexagonal  plate  k3  =  1  /  =  thickness  of  plate 

For  a  long  hexagonal  prism  ka  =  2  / \l~3  /  =  d 

For  a  70  dog  pyramid  w’th  rounded  bottom  k3  =  2.  71  l-  distance 
from  top  to  bottom. 

It  is  desirable  to  solve  for  V*  in  terms  of  the  independent  variables 
d,  ,/ps/dk3  and  p.  To  do  this  a  log  V*  --log  d  diagram,  Fig.  B,  is 
constructed.  The  factors  of  cross  section  area  with  respect  to  mass  as 
related  by  Fps/dk  arc  entered  for  particular  hydrometeors  by  finding  the 
equivalent  cube  of  proper  density  and  diameter  value.  A  scries  of  lines  fo 
constant  values  of  /ps/dk,3  are  drawn  for  the  condition  Cp>  =  £  and 
p  =  0.  001  g  cm-3  .  In  order  to  multiply  by  CD  and  p  a  Re  reference 
line  must  be  added  to  Fig.  B.  The  Rc  =  10  line  is  used  as  reference.  As 
Rc  is  a  function  of  v  which  is  a  function  of  temperature,  the  Rc  =  10  line 
are  drawn  for  a  range  of  temperature  values.  The  density  of  air  can  be 
taken  into  account  by  shifting  the  reference  for  the  Cq  by  a  factor  p  .  To 
do  this  a  p  scale  is  imposed  on  the  Re  =10  line  on  Fig.  A.  Now  Fig.  B 


is  overlaid  on  Fig.  A  so  that  the  Cp)  lines  arc  parallel  to  the  V.;<  lines. 
The  p  value  from  the  scale  on  Fig.  A  is  matched  with  the  Re  =  10  line  for 
the  proper  temperature  from  Fig.  B  at  the  same  time  the  Cp  line  for  the 
proper  shape  is  matched  with  the  intersect  of  d  and  ps/dk3  line.  The 
value  of  V $  corresponds  to  the  Cp  =  1  line  and  a  point  may  be  plotted 
where  it  intersects  d.  Curves  of  V ,>,  --  d  for  any  desired  hydrometcor 
can  be  plotted  quite  rapidly  as  Fig.  B  is  slid  over  Fig.  A. 
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p  scale  on  Re  =  10  line  refers  to  air  density  and  can  be  matched  with  temperature 
on  Re  =  10  line  in  Fig.  II-B  for  computing  terminal  velocities. 
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Fig.  II-B.  TERMINAL  VELOCITIES  FOR  CUBES  OF  VARIOUS  DENSITIES 
BASED  ON  THE  FICTITIOUS  ASSUMPTION  Cd  =  1. 

When  used  with  Fig.  II- A  as  described  in  text,  terminal  velocities  for  droplets 
and  crystals  can  be  computed. 
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BUOYANCY  EFFECTS  OF  HEAT  OF  FUSION 


The  latent  energy  of  fusion  is  released  when  the  water  cloud 
transforms  into  an  ice  cloud.  As  a  consequence,  a  slight  increase  of 
cloud  temperature  and  a  slight  dec  rease  of  density  is  realized.  The 
amount  of  energy  released  is  controlled  by  the  water  content  of  the 
cloud  which  is  determined  by  the  pressure  and  temperature  of  the  cloud 
base  as  well  as  the  temperature  of  ice  transformation. 

A  parameter  $  (in  dyne/g)  was  calculated  for  a  system  of  clouds 
with  cloud  base  pressure  at  500,  700,  and  900  mb  and  temperature  at  -20, 
-10,  0,  10,  20,  and  30,  while  the  cloud  transformed  into  ice  phase  in  the 

temperature  range  of  0  to  -40”C  (see  Fig.  13  in  text). 

To  obtain  the  difference  in  pressure  between  a  cloud  which  transformed 
into  ice  at  and  a  similar  cloud  with  ice  transformation  temperature  of 
Tj  =  1C,  it  can  be  evaluated  by  the  integral 


g 


r  p(  Ti ) 

$  dp 

Jp(T;  =  0  °C ) 


Should  it  be  desirable  to  estimate  the  difference  in  pressure  of  a  cloud 
with  different  temperature  of  ice  transformation,  it  can  readily  be  evaluated 
by  the  integral 


2  Pp(  Tia> 
g  Jp(Ti  = 
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ABSTRACT 


A  continuous  particle  sampler  lias  lieen  developed  which  captures 
atmospheric  particles  in  a  Formvar  solvent  liquid  film.  The  Formvar 
solution  completely  encapsulates  the  particle;  then  as  the  solvent  evaporates 
the  film  hardens  quickly,  preserving  a  replica  of  the  particle.  The  method 
yields  exact  replicas  of  ice  crystal  shapes.  Liquid  droplets  are  somewhat 
flattened  by  surface  tension  during  replication  and  so  a  calibration  factor 
is  necessary  to  ascertain  the  original  droplet  size  from  the  replica.  This 
calibration  factor  has  been  found  experimentally  by  using  spores  distributed 
in  the  droplets  to  show  the  volume  of  the  droplet  creating  each  replica. 

The  sampler  provides  continuous  information  on  particle  concentration, 
particle  sizes,  and  whether  the  particles  are  ice  or  water.  The  Formvar 
solution  is  ordinarily  applied  to  transparent  16  mm  movie  leader  film,  and 
the  replicas  are  viewed  by  projecting  the  film  with  a  stop-motion  micro¬ 
scope  projector. 

Several  versions  of  the  instrument  nave  been  built  and  used  on  cloud 
physics  research  aircraft.  Special  adaptations  have  been  made  for  ground 
vise:  to  sample  fogs,  to  measure  crystals  in  a  freezing  nuclei  counter,  and 
to  collect  snowflakes. 

Various  design  compromises  are  required  in  the  operational  instruments 
to  overcome,  over  a  broad  range  of  meteorological  conditions,  problems 
such  as  those  associated  with  film  coating,  droplet  encapsulation,  droplet 
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migration,  and  spurious  crystal  growth.  These  factors  and  others 
associated  with  particle  collection,  data  reduction,  and  interpretation 
are  discussed.  Examples  of  the  field  use  of  the  sampler  are  given. 


1.  Introduction 


The  continuous  particle  sampler  was  developed  primarily  to  provide 
a  method  for  ascertaining  quantitatively  the  coexistence  of  ice  crystals 
and  supercooled  water  droplets  in  a  cloud  being  seeded  by  natural  or 
artificial  freezing  nuclei.  It  has  turned  out  to  handle  this  job  particularly 
well,  and  also  perform  other  valuable  related  tasks. 

The  d  evice  is  a  continuous  version  of  the  Formvar^  method  developed 
by  Schaefer  (1956)  for  making  ice  crystal  replicas.  Its  main  virtue  is 
that  it  makes  permanent  replicas  of  the  shapes  of  particles  which  impinge 
on  a  liquid -plastic  surface.  The  Formvar  plastic  solution  flows  over  the 
particle,  completely  enclosing  it,  and  then  the  solution  hardens  as  the 
solvent  evaporates.  The  encapsulated  particle  may  then  evaporate  or 
sublimate  away,  but  its  replica  is  preserved. 

In  the  airborne  continuous  sampler,  the  liquid-plastic  Formvar  -  sol  vent 
film  is  put  on  transparent  16  mm  film  which  is  continuously  drawn  past  a 
slot  exposed  to  the  ambient  airflow.  The  Formvar  solution  then  hardens 
before  the  exposed  portion  reaches  the  take-up  reel.  Conceptually,  the 
instrument  is  simple.  However,  the  practical  instrument  requires  that 
many  design  compromises  be  made  to  give  proper  coating,  proper 
hardening,  and  good  particle  collection  and  replication. 


Trade  name,  Formvar  15-95E,  Shawinigan  Resins  Corp.  ,  Springfield,  Mass. 
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The  active  development  of  thin  sampling  method  has  been  proceeding 
for  three  years,  through  both  the  Atmospheric  Research  Group  and 
Meteorology  Research,  Inc.  ,  with  sponsorship  by  the  National  Science 
Foundation,  the  Army  Electronic  Research  and  Development  Laboratory  , 
and  the  Naval  Research  Laboratory  ,  as  well  as  MRI.  This  paper  reviews 
the  development,  shows  the  present  state  of  the  technique,  and  considers 
the  numerous  interrelated  factors  on  which  the  technique  depends.  It  is 
felt  that  the  method  has  general  applicability  for  studies  in  which  knowledge 
of  the  size  spectra  and  particle  types  of  aerosols  are  needed. 


2.  Background 

In  1961,  trials  with  various  droplet  collection  methods  showed  that 

Schaefer's  Formvar  replication  technique  could  lead  toward  an  operational 

continuous  sampler.  An  important  factor  in  the  development  of  the  system 
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has  been  the  availability  of  a  16  mm  film  which  would  not  dissolve  in  the 


A  first  final  report  "Study  and  Modification  of  Convective  Storms",  MacCready, 
P.  B.  ,  Jr.,  T.B.  Smith,  C.  J.  Todd,  C,-W.  Chien,  E.  Woodward,  Meteorology 
Research,  Inc.  ,  to  Army  Electronic  Research  and  Development  Laboratory, 

Ft.  Monmouth,  N.  J.  ,  Contract  No.  DA  36-039  SC-89066,  1963,  gives  some 
details  about  the  sampler  and  data  obtained  with  it  during  the  summer  of  1962. 

^Final  report  "Continuous  Particle  Sampler  Study  Program",  by  MatCready, 

P.  B.  ,  Jr.,  and  R.  E.  Williamson,  Meteorology  Research,  Inc.,  NRL-ONR 
Contract  Nonr-3819<00){X),  December  1963,  gives  details  on  many  of  the 
items  reviewed  in  this  paper,  and  describes  the  latest  version  of  the  sampler. 
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Cronar,  P40A  Leader,  Polyester  Photographic  Film  Base,  duPont, 

Wilmington,  Delaware. 
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solvents  used  (chloroform  or  ethylene  rlichlorirle).  This  meant  that  1  f>  mm 
film  handling  methods  could  he  adapted  to  the  sampler,  which  was  a  great, 
convenience  for  the  drive  mechanism  as  well  as  in  the  subsequent  viewing 
of  the  replicas. 

The  fi  r  s  t  com  pie  te  sampler  system  was  used  successfully  in  the 
summer  of  1961  on  the  Atmospheric  Research  Group  Flagstaff  studies. 

In  this  dipper  tank  system  the  Formvar  coating  was  precoated  on  the  leader 
film,  and  then  softened  before  exposure  by  running  the  film  through  a 
solvent  bath  maintained  at  a  particular  level  by  means  of  a  float  valve. 
System  design  and  some  results  were  presented  by  Todd  (1961). 

In  the  fall  of  1961  the  unit  was  taken  to  a  droplet  collector  comparison 
conference  in  France  organized  by  H.  Dessens.  A  miniature  wind  tunnel, 
consisting  of  a  tube  and  a  blower,  provided  the  air  flow  on  the  ground  to 
substitute  for  the  airplane  motion.  This  device  was  operated  satisfactorily 
in-cloud  on  a  mountain  peak,  along  with  collector  equipment  of  other 
investigators.  The  results  were  given  by  MacCready  (1962). 

In  the  summer  of  1962,  two  improved  units  were  installed  on  two 
aircraft,  one  unit  being  the  precoated  film  variety,  the  other  using  uncoated 
film  and  applying  the  Formvar -solvent  mixture  just  before  exposure  by 
means  of  a  coating  wheel  (see  Fig.  1).  The  coating  wheel  method  seemed 
the  more  practical  (more  controllable,  and  less  likely  to  stick),  and  an 
adaptation  of  it  was  used  for  the  1963  summer  measurements  (see  Fig.  2). 
Research  results  for  the  summer  studies  obtained  with  the  device  have  been 
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Fig.  1.  COATING  WHEEL  VERSION  MOUNTED  ON  A  CESSNA  180. 

The  tank  at  the  bottom  contains  the  Form var -solvent  solution  and 
applies  it  to  the  film  via  the  coater  wheel.  The  cylindrical  tank  above  is 
not  used;  it  was  only  employed  for  the  dipper  tank  version.  The  drying 
tubes  can  be  seen  extending  under  the  wing  to  give  extra  drying  time  before 
the  film  reaches  the  take-up  reel.  The  lips  around  the  exposure  slot  are 
heated  for  de-icing.  The  supply  and  take-up  reels  are  both  mounted 
shaft. 


on  one 


Fig.  2.  COATING  WHEEL  SYSTEM  INSTALLED  IN  THE  NOSE  OF  A 
TWIN  ENGINE  APACHE  AIRCRAFT. 

The  drying  tubes  leading  the  film  from  exposure  area  to  take-up  reel 
were  electrically  heated  to  stop  blushing  and  spurious  crystal  growth,  and, 
around  the  slot,  to  prevent  icing.  The  drying  tubes  went  into  the  cockpit 
area,  where  a  projector  showed  the  replicas  on  a  small  screen  so  as  to 
permit  in-flight  evaluation. 


presented  in  the  MRI  report  of  Footnote  ff2  and  l>y  I  odd  (  I9h4).  ;,u|l 

another  coating  wheel  version  (Figs.  3  and  4)  was  developed  in  the  fall 
of  1963,  utilizing  the  knowledge  obtained  from  the  field  studies  with  the 
previous  units. 

Hindman  (  1964)  has  presented  two  versions  of  continuous  sampling  by 
die  Fbrmvar  method  for  particles  impacting  by  gravity  settling.  For  one 
version  the  particles  collected  were  ice  crystals  grown  from  freezing 
nuclei  in  a  continuous  cold  box,  wbile.  in  the  other  case  the  particles  were 
tiny  hydrometeors  falling  from  the  ambient  air.  In  either  case  the  particles 
land  on  a  dry  Formvar  coating  which  is  subsequently  softened  during  passage 
through  a  chamber  with  chloroform  vapor.  This  is  a  continuous  analog  of 
the  vapor  replication  technique  investigated  by  Schaefer  (1962). 

Figure  5  gives  some  representative  results  of  the  use  of  the  continuous 
sampler.  Most  experience  with  the  technique  so  far  has  been  derived  in 
summer  at  Flagstaff,  Arizona,  in  cumulus  clouds  with  rather  cold  bases. 

3.  Design  Factors  and  Compromises 

The  Formvar  coating  on  the  film  must  be  soft  during  the  impaction 
process,  and  flow  readily  so  as  to  encapsulate  the  particle,  but  still  be 
stiff  enough  to  resist  being  blown  off  by  the  wind,  and  stiff  enough  to  keep 
the  droplets  from  clumping  together  (here  called  flocculation).  The  coating 
hardens  as  the  solvent  evaporates.  This  hardening  must  not  take  place 
before  the  film  passes  the  slot,  but  must  occur  before  the  film  reaches  the 
take-up  reel  and  before  the  particle  size  or  shape  is  significantly  altered. 
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Fig.  3.  LATEST  CONTINUOUS  SAMPLER 


This  uses  the  coating  wheel  principle  and  heated  drying  tubes.  The 
supply  reel  compartment  is  sealed  tightly  to  prevent  air  backflow  down 
from  the  slot  which  could  preharden  the  coating  and  also  permit  moistur 
from  the  air  to  contaminate  the  tank. 


e 


Fig.  4.  DETAIL  OF  THE  WINDOW  SHOWING  THE  DE-ICING  WIRE 


Fig.  5.  REPLICAS  DURING  SPIRAL  ASCENT  IN  THE  CORE  OF  A 
CUMULUS  CLOUD  BEING  SEEDED  WITH  SILVER  IODIDE, 
FLAGSTAFF,  AUGUST  15,  1963. 


b. 

c . 

d. 
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The  evaporation  cools  the  film,  and  water  from  the  ambient  air  can 
condense  on  the  film  (here  called  blushing)  or  can  cause  spurious  growth 
of  ice  crystals.  This  cooling  effect  can  be  eliminated  by  adding  heat  to  the 
system,  but  excessive  heat  can  melt  the  icc  crystal  or  even  evaporate  water 
droplets  before  replication  is  complete.  These  interrelated  factors  require 
careful  design  compromises.  The  task  gets  harder  as  the  range  of  operat¬ 
ing  conditions  is  increased  to  cover  higher  air  speeds  and  colder  temperatures, 
and  the  task  is  further  complicated  by  mechanical  problems  such  as  film 
sticking  and  elongation  of  sprocket  holes. 

Mechanical  Coating  Considerations.  The  first  continuous  cloud  particle 
collector  used  a  method  in  which  the  film  was  precoated  and  dried  in  the 
laboratory,  and  then  the  hardened  coating  was  softened  by  immersion  in  the 
solvent  dipper  tank  just  before  the  film  was  exposed  to  the  air  stream.  The 
coating  in  the  laboratory  was  accomplished  with  a  broad  (6  mm  wide)  slit 
pen,  siphon  fed  from  the  Formvar  solution  supply  bottle.  It  was  found  that 
if  a  solution  of  at  least  6  per  cent  Formvar  was  used  the  coating  would  not 
orange-peel  or  wrinkle  during  the  drying  process.  In  general  the  thicker 
solution  produced  smoother  and  more  uniform  coatings. 

Considerable  effort  was  expended  in  attempting  to  develop  a  continuous 
applicator  using  a  wick,  but  the  results  were  not  encouraging.  The  wick  or 
pad  always  left  a  streaked  surface,  large  feed  pressures  were  required  in 
order  to  produce  acceptable  coating  rates,  and  the  method  involved 
numerous  operational  difficulties. 
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Tho  roll-on  coating  wheel  (Figs.  1  -  d)  proved  to  bo  reliable  opera¬ 
tionally.  In  the  coating  wheel  method  the  moving  film  is  pressed  against 
the  top  edge  of  a  thin,  large  diameter  wheel  causing  it  to  rotate.  The 
bottom  portion  of  a  wheel  lies  in  a  reservoir  of  the  coating  solution,  and 
as  the  wheel  rotates  a  stripe,  of  this  solution  is  transferred  to  the  film  at 
the  point  of  contact.  In  practice  the  edge  of  this  wheel,  which  is  about 
3  mm  wide,  is  machined  to  form  a  trench  on  the  order  of  300(j  deep.  In 
order  to  minimize  the  deposition  of  excess  Formvar  at  the  edges  of  the 
stripe,  an  adjustable  scraper  was  fitted.  This  scraper  consists  of  thin, 
stainless  steel  blades  which  are  in  contact  with  the  perimeter  and  sides 
of  the  wheel  and  serve  to  wipe  off  any  excess  solution  which  adheres  to 
these  surfaces. 

The  vapor  pressure  of  the  solvents  used  is  very  high  and  any  flow  of 
air  over  the  solution  surface  causes  rapid  evaporation.  To  prevent  a  flow 
of  unsaturated  air  over  the  solution,  the  tank  and  film  magazine  portion  of 
the  system  should  be  pressurized  or  sealed  so  that  their  atmospheres  are 
in  equilibrium  with  the  stagnation  pressure  (see  Fig.  3).  This  configuration 
also  minimizes  hardening  of  the  Formvar  solution  and  evaporative  cooling 
prior  to  exposure  at  the  window  slot. 

Coating  Factors.  Both  chloroform  (CH  Cl3  )  and  ethylene  dichloride 
(CgKjCls),  as  well  as  mixtures  of  both,  have  been  used  as  solvents  for  the 
Formvar.  The  chloroform  is  the  more  volatile  solvent,  by  a  factor  of 
2-1/2  or  3.  The  melting  point  of  chloroform  is  -63.  5C,  while  it  is  only 
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-35.  5C  for  ethylene  diohloride,  .ind  thus  the  use  of  chloroform  is  indicated 
at  cold  temperatures.  Replication  with  a  continuous  sampler  at  -43C  has 
been  achieved.  The  rapid  cooling  by  solvent  evaporation  during  Formvar 
hardening  can  be  severe  with  chloroform,  and  so  sometimes  the  use  of 
ethylene  dichloride  ie  preferable. 

Ice  crystals  seem  to  replicate  best  with  a  thin  film  (minimizing 
evaporative  cooling  and  making  the  regulation  of  heat  less  critical)  and 
dilute  Formvar  concentration  (which  gives  the  best  replica  resolution).  Such 
a  thin  film  tends  to  magnify  troubles  of  skinning  over  the  film  before  reaching 
the  impaction  area,  which  can  have  a  bad  effect  on  droplet  replication  and, 
to  a  lesser  extent,  on  crystal  replication.  The  conditions  which  are  best 
for  ice  crystal  replicas  tend  to  permit  flocculation  of  water  droplets.  Thick 
concentrations  minimize  flocculation.  Thick  film  provides  less  droplet 
distortion  but  tends  to  blow  off  more  in  the  air  stream,  especially  when  of 
dilute  concentration. 

It  appears  from  flight  tests  that,  with  adequate  drying  heat,  a  concen¬ 
tration  of  botween  2.  5  per  cent  and  4  per  cent  of  either  solvent  in  the  coater 
tank  is  about  optimum.  When  the  concentration  is  less  than  2.  5  per  cent 
the  air  stream  displaces  the  coating  at  relatively  low  air  speeds,  except 
for  very  thin  films  (as  was  the  case  for  Fig.  5).  When  the  concentration  is 
greater  than  4  per  cent  the  replication  efficiency  appears  to  decrease. 

There  seems  to  be  a  reasonably  broad  range  of  film  thickness  and 
concentrations  for  good  droplet  collection  and  replication,  or  alternatively 


7 


for  good  n  e  crystal  collection  and  replication,  with  either  chloroform  or 
ethylene  dichloride.  The  ranges  are  extended  with  careful  control  of 
drying  heat.  There  is  a  much  more  limited  range  of  film  thickness  and 
concentration  for  good  simultaneous  collection  and  replication  of  coexisting 
droplets  and  crystals.  Both  droplets  and  crystals  have  been  obtained  at 
once  with  thin  1  per  cent  ethylene  dichloride  (used  for  samples  on  Fig.  5), 
and  on  other  occasions  with  thicker  film  of  2-1/2  per  cent  chloroform 
(65  per  cent)  and  ethylene  dichloride  (35  per  cent)  mixture.  More  field 
tests  are  required  to  show  if  the  ranges  for  collection  and  replication  of 
both  droplets  and  crystals  are  so  critical  that  a  dual  instrument  would  be 
needed  for  reliable  field  investigations. 

Neither  the  drive  motor  nor  the  rest  of  the  electrical  system  may  be 
considered  spark-proof,  and  therefore,  in  order  to  eliminate  the  possibility 
of  what  could  be  quite  a  violent  explosion.it  is  recommended  that  a  non- 
inflammable  solvent  such  as  chloroform  be  used  rather  than  the  ethylene 
dichloride.  Since  the  chlorinated  hydrocarbons  and  in  particular  chloroform 
are  toxic  and  their  effect  is  to  some  extent  cumulative,  the  equipment  should 
be  mounted  and  vented  in  such  a  way  that  personnel  are  not  exposed  to 
sensible  concentrations  of  vapor. 

Blushing  and  Ice  Crystal  Growth.  Blushing  and  spurious  ice  crystal 
growth  Can  be  completely  controlled  by  using  heat  at  the  window  and  along 
the  drying  tubes.  Even  without  heat,  very  thin  films  have  provided  good 
crystal  replicas  because  the  total  amount  of  solvent  causing  evaporative 
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cooling  is  small.  The  particles  pul.  on  the  film  by  blushing  are  small,  on 
the  order  of  1  or  2(1,  and  often  irregularly  shaped.  The  larger  droplet 
replicas  can  be  evaluated  even  in  the  presence  of  blushing  except  in  severe 
cases.  Blushing  is  not  a  problem  when  droplets  are  replicated  with 
Formvar  solution  on  a  glass  slide,  presumably  because  the  thermal  inertia 
of  the  slide  keeps  the  temperature  up.  This  thermal  inertia  effect  is  not 
easy  to  apply  in  the  continuous  sampler. 

Flocculation.  Flocculation  is  the  term  used  to  describe  the  adhesion 
of  several  droplets  to  one  another  beneath  the  Formvar  film.  Flocculation 
has  been  most  frequently  observed  when  thin,  low  percentage  solutions  are 
employed,  and  when  the  droplet  diameters  are  greater  than  the  thickness 
of  the  coating.  Considerable  flocculation  can  occur  apparently  without 
coalescence,  and  so  the  droplet  size  and  concentration  information  is  not 
lost  by  flocculation. 

High  Aircraft  Speeds.  The  coater  system  replicated  reliably  at  speeds 
up  to  80  m  per  sec.  High  speed  can  result  in  partially  blowing  off  the 
liquid  film;  speed  is  also  sometimes  associated  with  the  presence  of  bubbles 
in  the  film;  and  speed  intensifies  the  problem  of  film  hardening  prior  to 
reaching  the  exposure  slot.  All  these  effects  are  minimized  by  the  use  of 
a  narrow  (in  the  film  movement  direction)  window  slot  rather  than  a  wide 
one.  The  slot  width  and  film  speed  (often  5  to  20  cm/sec)  are  adjusted  to 
keep  the  number  of  droplets  collected,  in  clouds  with  the  maximum  liquid 
water  contents,  down  to  where  flocculation  or  overlapping  of  droplets  is 
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statistically  insignificant.  It  has  proved  advantageous  to  seal  the  supply 
reel  to  prevent  large  air  flows  from  the  slot  along  the  tube  toward  the 
supply  reel  (see  Fig.  3).  This  minimizes  prehardening  of  the  film,  and 
avoids  putting  contaminants  from  the  ambient  air  in  the  coater  tank.  For 
high  speed  aircraft  it  is  likely  that  the  best  technique  for  sampling  would 
be  to  introduce  a  diffuser  to  slow  the  flow  at  the  window  slot,  although 
this  would  complicate  the  collection  efficiency  calculations. 


4.  Absorption  and  Evaporation  of  the  Vapor 

From  the  foregoing  discussions  it  is  apparent  that  vapor  softening 
of  a  precoated  Formvar  film  might  be  desirable,  to  permit  more  quantita¬ 
tive  control  of  the  film  characteristics  and  to  avoid  the  complexities  of 
dipping  or  coating  the  film  in  flight.  Therefore  simple  tests  were 
conducted  to  provide  some  data  on  the  rate  at  which  precoated  film  can  be 
softened  by  vapor.  Chloroform  vapor  was  used  because  it  has  a  much 
higher  vapor  pressure  than  ethylene  dichloride  at  any  given  temperature. 
The  same  laboratory  setup  used  for  the  absorption  tests  served  to  give 
information  on  the  evaporation  rate  of  the  chloroform  from  the  Formvar- 
chloroform  film. 

A  short  piece  of  film  with  a  precoatod  Formvar  strip  on  it  was 
suspended  from  a  sensitive  analytical  balance  down  in  a  cold  chamber  at 
-20C.  A  vapor  chamber  (a  container  lined  with  chloroform -soaked  blotters) 
was  kept  at  a  given  warmer  temperature,  say  -11C,  and  then  placed  around 
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the  film.  The  rate  at  which  vapor  was  absorbed  was  noted.  For  the 
evaporation  tests  the  vapor  chamber  was  withdrawn  and  the  weight  decrease 
noted  as  a  function  of  time.  Figure  6  gives  the  absorption  results  for  a 
thin  coating  about  2p  thick.  It  is  evident  that  the  absorption  takes  place  in 
two  regimes:  a)  the  first  30  seconds,  during  which  the  rate  depends  almost 
directly  on  the  initial  temperature  difference  between  film  and  ambient  air, 
and  b)  the  period  after  30  seconds  when  the  rate  is  slow  and  is  rather 
constant  no  matter  what  the  starting  temperature.  During  period  (a) 
presumably  the  film  is  much  cooler  than  ambient.  During  period  (b) 
presumably  the  film  temperature  is  close  to  the  vapor  chamber  ambient 
temperature. 

The  results  point  out  that  the  rapid  absorption  of  vapor  will  take  place 
only  if  the  vapor  is  substantially  warmer  than  the  film  on  which  it  is  to 
condense.  Extrapolating  from  the  figure,  it  is  possible  that  dry  Formvar 
l|_l  thick  could  be  softened  sufficiently  in  3  0  seconds  by  the  vapor  method  if 
the  vapor -film  temperature  difference  were  kept  at  30C.  Thus  the  vapor 
softening  technique  may  be  feasible  for  a  continuous  sampler,  but  it  will 
not  be  particularly  convenient. 

The  tests  showed  that  the  initial  absorption  rate  for  5|_l  film  is  about 
the  same  as  for  the  lp  film,  although  both  eventually  will  reach  the  same 
concentration  with  the  thick  film  absorbing  more  solvent.  Thus  the  thinner 
film  will  reach  a  particular  softness  much  more  quickly  than  will  the  thicker 


film. 


The  evaporation  rate  test  results  proved  to  he  virtually  mirror 
images  of  the  absorption  tests.  They  thus  verified  that  thin  film  will 
stiffen  much  more  quickly  than  thick  film.  1  he  data  suggest  that  the 
vapor  pressure  of  the  ambient  air  must  hi:  kept,  low  (presumably  by 
ventilation)  when  rapid  evaporation  is  desired. 

5.  Droplet  Distortion 

When  an  ice  crystal  impacts  on  the  softened  Formvar  film,  the 
subsequent  replica  is  a  perfect,  hollow,  three-dimer, sionaL  casting  of  ih  c. 
crystal  in  the  Formvar.  If  the  impacting  particle  is  a  liquid  droplet  the 
situation  is  much  more  complex  because  the  droplet  will  distort.  The 
Formvar  will  still  encapsulate  the  droplet  (probably  in  a  millisecond  for 
small  droplets),  the  solvent  will  evaporate  and  leave  a  Formvar  replica, 
and  the  droplet  will  eventually  disappear  by  evaporating  through  the  thin 
Formvar  skin.  However,  the  exact  shape  the  droplet  assumes  will  depend 
on  the  original  spherical  droplet  diameter,  the  thickness  of  the  Formvar 
coating,  and  the  surface  tensions  of  the  iormvar  solution  to  air  and  to 
water.  As  the  solvent  evaporates,  the  Formvar  coating  thickness  changes 
and  the  surface  tensions  change  as  the  Formvar  solution  gets  denser  (and 
the  solution  concentration  will  get  denser  more  quickly  in  the  thin  skin 
over  the  droplet  than  in  the  main  film).  These  varying  factors  will  keep 
readjusting  the  droplet  shape  until  the  Formvar  solution  viscosity  increes. 
to  the  point  where  no  further  shape  change  wiil  take  pi  see  (the  k  or.nvui 
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gets  so  viscous  it  is  effectively  solid).  For  the  practical  utilization  of  the 
continuous  sampler  it  is  essential  to  establish  the  calibration  factor, 
replica  radius  divided  by  original  droplet  radius,  for  various  conditions 
of  film  thickness,  film  material,  and  droplet  size. 

In  the  foregoing  it  has  been  assumed  that  the  droplet  and  solvent  do 
not  merge  with  each  other.  Actually  the  solvent  may  dissolve  in  the  water 
to  the  extent  of  about  1  per  cent  of  the  water  mass.  Thus  an  indeterminacy 
in  true  original  droplet  mass  can  arise,  but  the  amount  is  negligible 
compared  to  other  errors  associated  with  the  measurement  and  correction 
of  droplet  diameters. 

A  mathematical  calculation  of  the  distortion  of  the  droplet  was  made, 
by  equating  surface  tension  energies,  based  on  a  very  simple  picture:  the 
droplet,  originally  spherical  with  radius  r  ,  falls  into  a  Formvar  solution 
of  thickness  h  ,  and  is  distorted  to  an  elliptical  cross  section  with  semi¬ 
major  axis  a  and  semi-minor  axis  b  ;  the  Formvar  skin  or  cap  which  coats 
over  the  top  of  the  droplet  has  radius  c  .  These  relationships  are  shown 
in  Fig.  7.  In  the  actual  case  the  droplet  is  flattened  but  not  in  such  an 
ideal  oblate  spheroid  shape,  and  the  Formvar  solution  and  Formvar  cap 
skin  have  varying  strengths  as  the  solvent  evaporates. 

When  the  spherical  droplet,  with  surface  area  Sg  is  distorted  into  the 
oblate  spheroid  shape,  its  area  will  be  increased  to  Sg  and  energy 

YF/W  <sE  -  %) 

will  have  to  be  added.  Yf/w  refers  to  the  surface  tension  of  the  Formvar 
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Fig.  7.  SIMPLIFIED  MODEL  OF  THE  DISTORTED  DROPLET. 

The  left  side  of  the  picture  gives  the  case  for  h  >  b  ,  while 
the  right  side  of  the  picture  gives  the  case  for  li  <  b  .  For  h  >  Zr 
the  droplet  is  entirely  beneath  the  flat  Formvar  surface,  c  -  0, 
and  the  droplet  remains  spherical  so  a  “  b  =  r  .  The  dashed  lines 
show  a  more  realistic  shape  of  the  droplet  and  Formvar  solution, 
but  a  sha.pe  which  is  more  difficult  to  treat  mathematically. 


solution  with  respect  to  water.  The  energy  available  to  cause  this  dis¬ 
tortion  is  considered  derived  from  raising  the  Formvar  skin  which  flows 
over  the  top  of  the  droplet.  The  film  which  originally  had  area  Ac  is 
distorted  into  a  cap  which  has  area  Sx  ,  and  so  the  energy  is 

YF/A  <sT  '  Ac) 

YF/A  refor®  to  surface  tension  of  the  Formvar  solution  with  respect 
to  air. 

Equating  the  energies, 

YF/A  =  SE  -  SS 

YF/W  S't  -  Ac 

The  ratio  Yf/a/yf/W  was  measured  for  some  Formvar-chloroform 
solutions.  It  reaches  a  peak  of  1.  4  at  2  per  cent,  and  decreases  to  0.  4  at 
10  per  cent;  it  is  presumed  to  be  somewhat  lower  at  the  more  pertinent 
higher  concentrations.  (Sg  -  Ss)/(Sx  -  Ac)  was  computed  as  a  function 
of  the  desired  r  and  the  measurable  h  and  a.  A  computer  assisted  in  the 
rather  complex  calculations  required.  The  results  cannot  be  deemed 
quantitatively  informative,  due  to  the  oversimplification  of  the  picture  on 
which  they  are  based,  as  well  as  due  to  a  lack  of  accurate  knowledge  of  the 
YF/A/YF/W  ratio  for  very  thick  solutions.  Nevertheless,  the  calculations 
do  show  that  the  correction  factor  a/r  does  depend  on  the  surface  tension 
ratios  Yf/a/Yf/W  but  that  for  normal  values  of  Yf/a/Yf/W  the  depend¬ 
ence  is  not  very  strong.  The  computations  also  served  to  assist  in 
understanding  the  results  of  the  absolute  calibration  study. 
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The  method  chosen  for  a  rough  absolute  calibration  was  an  adaptation 
of  the  one  employed  by  Farlow  and  French  (1956).  It  provides  for  the 
simple  and  rapid  determination  of  micro-drop  volumes  by  the  inclusion  of 
uniform  size  solid  particles  in  the  water  drops.  The  principle  involves 
the  use  of  a  suspension,  in  water,  of  solid  particles  of  uniform  size.  If 
the  suspension  is  vigorously  stirred,  any  small  droplet  will  contain  the 
same  concentration  of  particles  ae  the  suspension  from  which  it  originated, 
and  so  the  original  droplet  volume  can  be  estimated  from  the  number  of 
particles  observed  in  the  replica. 

Several  types  of  inorganic  particles  were  tried,  but  they  either 
dissolved  or  had  too  broad  a  size  spectrum.  A  survey  of  available  natural 
particles  led  to  the  selection  of  the  spores  of  the  common  mold,  aopergillus 
niger.  The  density  of  the  particles  is  greater  than  that  of  water  but  the 
particles  are  practically  insoluble  in  chloroform  -Fomi var  solutions.  The 
particles  were  quite  uniform  with  a  diameter  of  about  3p  .  The  spores  were 
shaken  from  the  mold  and  placed  in  suspension  in  distilled  water.  The  stock 
solution  was  vigorously  stirred  and  maintained  in  the  bath  of  an  ultrasonic 
cleaner.  Some  of  the  stock  solution  was  aspirated  at  the  window  of  the 
coater  system  equipment,  with  an  air  speed  of  about  35  meters /sec.  Because 
of  the  small  quantity  of  the  stock  solution  only  two  test  runs  were  possible, 
one  run  on  a  solution  of  3.  5  per  cent  Formvar-chloroform  and  one  on  6  per 
cent  Formvar-chloroform.  The  thickness  of  the  dried  coating  of  Formvar 
(hf)  from  these  two  runs  was  arrived  at  by  averaging  many  readings  of  a 
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micrometer  screw  gauge  and  also  by  deducing  the  thickness  by  gravimetric 
procedures  (  10p  for  the  3.  5  per  cent  solution,  23|J  for  the  6  per  cent 
solution).  The  original  volume  of  the  droplet  was  taken  to  include  that 
occupied  by  the  particles.  A  total  of  320  counts  were  made  tor  calibration 
of  the  stock  solution.  The  concentration  of  particles  per  unit  volume  in 
the  stock  solution  was  determined  by  means  of  a  hemacytometer.  Somewhat 
over  a  hundred  counts  were  made  for  calculation  of  replica  droplet  volume. 
Counts  were  averaged  for  replicas  having  the  same  diameter.  The  small 
number  of  replicas  counted  was  due  to  the  poor  yield  of  usable  sizes  stemming 
from  the  crudeness  of  the  aspiration  equipment  and  the  small  volume  of 
calibration  suspension  produced.  The  probable  error  for  computations  of 
volume  from  single  points  on  the  presented  curves  must  be  considered  to 
be  slightly  over  20  per  cent  based  upon  the  mean  deviations  of  the  experi¬ 
mental  data,  however  the  apparently  good  fit  of  the  curves  indicate  that  this 
might  be  pessimistic.  The  results  are  presented  on  Fig.  8. 

Consideration  of  Fig.  8  shows  an  important  point,  namely,  that  the 
curve  for  the  6  per  cent  solution  and  the  curve  for  the  3.  5  per  cent  solution 
are  about  the  same  when  plotted  in  terms  of  r/hf  or  a/hf .  Such  a  plot  has 
been  made  as  Fig.  9.  As  would  be  predicted  from  the  model  discussed 
pre  viously,  for  a/hf  <  0.  5,  the  droplet  is  entirely  below  the  surface  and  is 
undistorted,  a/r  =  1  .  For  larger  droplets  there  is  distortion  and  a/r  >  1  . 

Doth  the  6  per  cent  curve  and  the  3.  5  per  cent  curve  are  the  same,  to  within 
the  accuracy  of  the  measurements  on  which  they  are  based.  One  would 
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relation 


hypothesize  that,  as  a  reasonable  first  approximation,  the  same 
holds  for  other  Formvar  solution  concentrations. 

The  curves  for  various  concentrations  will  be  a  unique  function  of 
a/hf  only  if  the,  original  wet  solution  thickness  is  of  no  importance. 

Apparently  the  final  shape  of  the  droplets  is  determined  by  droplet  size  and 
the  Formvar  solution  details  after  the  solution  has  evaporated  until  it  is 
considerably  more  concentrated  than  6  per  cent.  Therefore  the  initial 
concentration  is  of  no  concern  (except  for  other  problems  such  as  film 
coating,  complete  encapsulation,  flocculation,  blushing,  etc.). 

When  the  calibration  factors  shown  on  Fig.  8  were  examined  with  respect 
to  the  theoretical  computations  on  distortion,  another  factor  became  evident. 
For  thick  films,  where  a/hf  is  not  much  larger  th?n  unity,  the  final  dis¬ 
tortion  is  in  agreement  with  theory  for  rather  low  yp/a/yF/W  raii°8 
ratios  which  imply  a  very  thick  solution  from  which  almost  all  the  solvent 
must  have  evaporated.  This  will  of  course  come  about  because  until  the 
concentration  of  die  evaporating  film  is  thick,  the  film  thickness  will  exceed 
the  spherical  droplet  diameter.  For  thin  films  (or  largo  droplets)  where 
a/hf  is  large,  the  final  distortion  is  in  agreement  with  theory  for  higher 
V/A/YF/W  ratio°  ~~  which  imply  a  rather  thinner  solution.  It  is 

presumed  in  tills  second  case  that  the  Formvar  cap  gets  stiff,  from  evapora¬ 
tion,  rather  quickly;  thus  the  shape  and  hence  the  calibration  ratio  a/r  is 
determined  by  the  stiff  cap  while  the  main  solvent  film  is  still  not  very  stiff. 

The  mean  curve  of  Fig.  9  can  he  considered  as  the  basic  calibration 
for  chloroform  solutions  of  any  starting  concentration.  In  a  practical  case. 
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hf  can  he  measured  from  the  film  and  then  Fig.  9  used  to  find  r  for  the 
values  of  a  encountered.  In  actual  use,  h£  will  be  found  to  be  rather 
constant,  and  so  from  Fig.  9  a  family  of  curves  resembling  those  of  Fig.  8 
can  be  derived.  From  this  plot,  r  can  be  read  off  directly  from  a  on  the 
appropriate  concentration  line. 

The  absolute  calibration  has  been  done  only  for  chloroform  solutions. 
For  ethylene  dichloride,  one  calibration  is  available  from  MacCready 
(  1962).  For  the  droplets  studied,  a  =  15p,  and  r  =  lOp,  a/r  =  1.5.  The 
film  thickness  was  estimated  at  1  Op..  If  it  had  been  6m,  this  point  would 
fit  perfectly  on  Fig.  9.  The  ethylene  dichloride  would  be  expected  to  have 
a  somewhat  different  calibration  than  the  chloroform,  because  of  the  differ¬ 
ing  surface  tension  ratios,  but  the  theoretical  calculations  imply  that  the 
effect  should  not  be  large. 

For  very  thin  films  the  droplet  distortion  should  vary  only  slightly  with 
film  thickness.  This  is  consistent  with  the  physical  picture  shown  by  the 
dashed  curve  in  Fig.  7.  Observations  of  replicas  on  a  film  with  varying 
thickness  (from  uneven  coating)  implied  that  the  replica  size  at  the  thinnest 
portions  was  not  much  greater  than  that  where  the  film  was  thicker.  This 
would  suggest  that  a/r  does  not  increase  indefinitely  with  a/hf  on  Fig.  9, 
perhaps  reaching  a  limit  below  3. 

6.  Size  Ranges 

The  small  end  of  the  size  range  of  particles  which  can  be  treated  by 
this  sampler  depends  essentially  just  on  collection  efficiency.  In  all  the 
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versions  of  the  continuous  sampler,  as  shown  in  Figs.  1  through  4,  the 
film  is  curved  around  a  longitudinal  axis  and  fits  snugly  behind  the  slot. 
Thus  to  a  first  approximation  the  collecting  surface  represents  a  section 
of  a  circular  cylinder,  and  so  its  collection  efficiency  can  be  computed 
from  the  curves  presented  by  Langmuir  and  Blodgett  (1945). 

To  illustrate  typical  values,  Fig.  10  shows  the  collection  efficiencies 
computed  for  conditions  which  were  representative  of  those  on  the  Flagstaff 
cumulus  studies.  The  curve  for  the  stagnation  point  of  the  1.2  cm  diameter 
cylinder  is  one  actually  used  in  d.ata  reduction;  the  other  two  curves  demon¬ 
strate  the  differences  caused  by  using  a  larger  cylinder  or  considering  tine 
whole  cylinder  rather  than  the  stagnation  point.  Normally  the  particles 
are  counted  near  the  center  of  the  film,  near  the  stagnation  point.  When 
low  concentrations  of  ice  crystals  are  being  detected,  sometimes  a  much 
greater  ■width  of  the  film  is  used  to  increase  the  sampling  volume.  Ice 
crystals  do  not  have  spherical  shapes  and  so  for  them  a  simple  collection 
efficiency  curve  such  as  on  Fig.  10  is  not  appropriate.  However,  by  far 
the  majority  of  ice  crystals  in  natural  clouds  have  sizes  for  which  the 
collection  efficiency  is  greater  than  0.  8  and  so  the  exact  curve  used  for 
them  is  not  important. 

Fig.  10  indicates  a  practical  lower  limit  of  3pt  diameter  for  droplets 
collected  by  the  units  as  presently  used.  Figure  5  shows  particles  at  about 
this  size  limit.  A  smaller  diameter  collector  or  higher  air  speed  would 
permit  small  particles  to  be  collected;  1  or  diameter  seems  a  practical 
limit  for  future  designs. 
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The  large  end  of  the  size  range  depends  primarily  on  breakup  during 
collection.  Ice  crystals  of  lOOp  may  be  cracked  and  200p  cryatals  broken 
(see  Fig.  5);  ice  needles  as  long  as  600p  have  been  collected  unbroken. 
When  a  graupel  pellet  hits  the  film  the  replica  has  the  appearance  of  a 
snowball  which  has  struck  a  windshield;  the  number  of  graupel  pellets  can 
be  counted,  but  the  oize  of  each  1b  difficult  to  interpret. 

Circular  droplet  replicas  of  even  150p  diameter  have  been  found  on 
the  film.  The  size  of  the  corresponding  droplets  is  not  known,  because 
the  size  correction  factor  for  such  extremes  has  not  been  found,  but 
possibly  the  impinging  droplet  was  on  the  order  of  50p  diameter.  In  the 
ground  measurements  in  France  (MacCready,  1962)  replicas  larger  than 
2  5p  diameter  were  not  completely  encapsulated,  leaving  a  hole  in  the 
replica  center.  The  maximum  size  having  complete  encapsulation  must 
vary  with  concentration,  but  in  any  case  the  correction  factor  for  the 
largest  droplets  will  probably  be  somewhat  indeterminate.  Rupe  (1950) 
found  that  the  formula: 
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diameter  (microns)  =- - r  ,  T~  T~\ 

impact  speed  fm/sl 

gives  the  largest  size  of  a  droplet  which  would  not  break  on  penetrating  o. 
kerosene  surface.  At  50  m  per  sec  this  corresponds  to  a  diameter  of 
34.  5pu  Weickmann  (  1953)  found  the  constant  in  the  above  formula  to  be 
increased  by  an  order  of  magnitude  for  collection  in  castor  oil.  From 
considering  and  viewing  many  of  the  records  from  the  continuous  sampler, 
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it  seems  likely  that  droplets  under  about  50p  diameter  are  unbroken,  and 


perhaps  this  is  true  even  for  substantially  larger  droplets. 

7.  Data  Reduction 

It  has  turned  out  to  be  most  convenient  to  analyze  the  film  by  projecting 
it  on  a  screen  with  a  modified  version  of  a  standard  slop-motion  projector. 
For  counting  large  particles  such  as  big  snow  crystals  and  graupel  the 
standard  16  mm  projection  lens  system  is  used.  For  counting  and  examin¬ 
ing  small  particles  the  lens  system  is  replaced  by  a  tube  with  the  optics 
system  from  a  microscope,  usually  set  at  500  or  1000  power. 

The  main  problem  is  to  cope  with  the  large  amount  of  data  generated 
each  flight.  At  the  present  stage  of  development  of  the  system,  automatic 
data  reduction  of  these  replica  records  does  not  yet  seem  justified.  Some 
of  the  droplet  records  are  of  a  quality  for  which  automatic  counting  and 
sizing  would  be  possible,  but  manual  methods  can  give  concentrations  and 
spectra  quickly  and  without  intricate  apparatus.  Human  interpretation  is 
necessary  during  data  reduction  of  complex  snowflake  replicas  and  of  poor 
quality  droplet  replicas. 

The  film  records  are  first  examined  crudely  by  running  them  through 
at  16  frames  per  second.  The  eye  and  mind  react  quickly  enough  to 
ascertain  the  general  distribution  of  drop  sizes,  the  presence  of  ice  crystals 
and  graupel,  and  the  general  quality  of  record. 

The  next  step  for  general  cloud  studies  is  to  get  the  concentrations  of 
droplets  and  crystals  and  the  general  size  ranges.  These  counts  can  be 


made  rapidly  from  representative  frames.  The  droplet  counts  must  be 
corrected  for  droplet  distortion,  and  then  the  collection  efficiency  factor 
used  to  determine  true  concentration.  These  corrections  are  especially 
quick  to  apply  when  the  droplet  spectra  are  narrow.  To  facilitate 
correlating  these  data  to  the  other  cloud  parameters  recorded  on  an  analog 
chart  during  the  airplane  traverse,  it  has  proved  convenient  to  plot  the 
data  on  a  chart  driven  from  a  gear  on  the  projector.  The  gear  ratio  is 
adjusted  to  put  the  particle  information  on  the  time  scale  of  the  cloud 
parameter  records.  When  the  sampler  is  run  in  the  aircraft,  three  event 
markers  on  the  cloud  parameter  chart  record  every  1,  10,  and  100 
rotations  of  an  idler  wheel  on  the  film.  Thus  the  sampler  data  can  easily 
be  exactly  correlated  to  the  cloud  data. 

For  detailed  case  studies  complete  size  spectra  and  accurate  concen¬ 
trations  are  required.  A  data  compilation  technique  worked  out  by  the 
second  author  which  has  proved  simple  and  effective  is  to  move  a  strip  of 
paper  around  the  projected  frame,  putting  the  strip's  left  edge  on  the  left 
edge  of  each  replica  image  and  making  a  mark  on  the  strip  at  the  right  edge 
of  the  replica  image.  Then  the  dots  are  counted  in  the  size  categories,  to 
provide  spectra  after  the  droplet  distortion  and  collection  efficiency 
corrections  are  applied.  Rather  than  recording  complete  spectra  it  is  often 
satisfactory  to  record  only  the  concentration  and  the  mean  and  standard 
deviation  of  the  distribution.  Obtaining  the  standard  deviation  is  facilitated 
by  putting  a  micron  scale  vertically  on  the  strip  (perpendicular  to  the  droplet 


22 


size  scale  which  goes  horizontally  from  left  to  right).  Then  slide  a 
probability  scale  down  the  strip,  with  the  50  per  cent  cumulative  probability 
line  matching  the  horizontal  position  of  the  median  droplet.  Mark  the  strip 
at  drop  sizes  corresponding  to  various  cumulative  probabilities,  and  make 
a  best  fit  line  through  these  points.  Head  off  the  micron  size  of  one 
standard  deviation  (50  per  cent  to  84  per  cent  or  50  per  cent  to  16  per  cent 
cumulative  probability). 

8.  Conclusions  and  Recommendations 

The  unique  value  of  the  continuous  Formvar  collection  principle  has 
been  established  over  the  last  three  years  of  development.  In  its  most 
efficient  form,  it  collects  solid  and  liquid  particles  in  a  manner  which 
permits  relatively  easy  analysis.  Some  collection  scheme  such  as  this 
seems  to  be  the  only  satisfactory  approach  to  measuring  small  ice  crystals 
on  cloud  physics  research  programs;  the  shape  of  the  crystals  is  desired, 
as  well  as  size  (which  must  be  defined  with  respect  to  shape)  and  concentra¬ 
tion.  For  droplet  measurements,  the  Formvar  technique  is  good  but  some 
other  optical  method  is  a  possibility.  The  optical  method,  light  scattering 
or  light  shadow,  measures  the  droplets  in  the  air,  avoiding  some  collection 
efficiency  problems  as  well  as  avoiding  droplet  distortion  and  breakup  on  a 
surface;  also  in  some  cases  the  data  acquisition  is  electronic  and  so  further 
data  reduction  is  unnecessary.  The  continuous  collector  is  simpler  than 
optical  methods,  and  convenient  to  carry  in  small  vehicles.  In 
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summary,  the  measurement  <>f  ice  crystals  apparently  requires  the 
continuous  collector,  anti  the  same  device  is  effective  for  droplet 
measurements  Although  competitive  systems  are  a  possibility. 

The  most  basic  problem  with  the  continuous  sampler  is  that,  although 
in  final  form  the  device  is  relatively  simple,  it  is  based  on  many  complex 
factors  and  interrelationships  (nonlinear  viscosity  and  surface  tension 
variations  in  coating  and  encapsulations,  various  contradictory  require¬ 
ments  for  rapid  evaporation  of  solvent  without  blushing  or  crystal  melting, 
etc.  ).  From  the  development  studies  it  is  apparent  that  all  of  these 
practical  problems  arc  solvable,  because  all  have  been  solved  at  one  time 
or  another.  The  difficult  matter  is  to  find  a  compromise  which  solves 
them  all  simultaneously  over  a  broad  range  of  atmospheric  situations  with 
adjustments  which  are  not  impractically  critical. 

Experience  with  the  present  units  of  course  has  created  ideas  of  how 
future  designs  can  be  improved.  One  suggestion  to  make  the  design 
requirements  less  critical  is  to  give  the  film  two  separate  parallel  coatings, 
one  of  a  type  optimized  for  droplet  collection,  the  other  optimized  for 
crystal  collection.  It  would  appear  that  the  technique  of  vapor  softening 
of  precoated  film  warrants  further  consideration. 

Any  system,  Whether  substantially  new  or  merely  an  adaptation  of  the 
present  one,  requires  a  series  of  systematic  tests  at  various  air  speeds 
and  ambient  temperatures  with  various  solution  concentrations,  with  various 
amounts  of  drying  heat,  for  collecting  both  crystals  and  droplets.  A  final 
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version,  if  made  to  cover  a  wide  meteorological  range,  will  have 
controllable  heaters  (initially  controlled  manually,  later  automatically). 

The  simple  counting  techniques  associated  with  projecting  the  film 
by  a  stop-motion  16  mm  projector  and  counting  by  hand  have  worked  well. 
Even  quantitative  measurements  take  only  a  few  minutes  per  frame,  a 
time  which  is  so  short  that  the  development  of  automatic  techniques  to 
cut  down  the  time  is  hardly  justified  now. 

The  absolute  calibration  technique  described  in  this  report  shows 
that  one  of  the  primary  questions  pertaining  to  this  collector  method  has 
been  solved  in  principle.  More  detailed  calibrations  using  the  same 
method  should  be  made,  including  tests  at  various  temperatures  and 
Formvar  concentrations. 
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ABSTRACT 


An  instrument  has  been  developed  which  continuously  collects  particles 
which  fall  by  gravity  and  makes  replicas  of  them  by  embedding  them  in  a 
liquid  plastic  coating  which  quickly  hardens.  The  plastic  coating  is  on 
transparent  16  mm  movie  leader  material  and  the  replicas  can  be  conven¬ 
iently  examined  by  projecting  the  leader  with  standard  projection 
equipment.  Chloroform  is  the  solvent  vapor  which  softens  the  plastic 
coating. 

In  one  version,  the  continuous  collector  is  installed  in  a  continuous 
flow  cold  box  and  thus  samples  the  ambient  freezing  nuclei  concentration. 

In  another  version,  the  film  unit  is  set  outside  and  collects  the  small 
hydrometeors  which  fall  on  it.  Records  taken  with  this  latter  unit  are 
presented  in  this  paper  showing  the  effects  of  silver  iodide  seeding  of  a 
supercooled  geyser. 


1.  INTRODUCTION 


In  various  cloud  physics  research  studies,  continuous  sampling  of  the 
variables  has  proven  desirable  because  of  the  rapid  variations  that  occur. 
For  capturing  and  preserving  ice  crystals  and  droplets  for  convenient 
subsequent  analysis,  the  Formvar*  technique  developed  by  Schaefer  (1),  (2) 
has  been  particularly  effective.  This  method  has  been  adapted  to  the 
collection  of  particles  from  an  airplane  by  Todd  (3)  and  MacCready  (4).  It 
was  also  used  by  MacCready  on  the  ground  with  a  wind  tunnel  substituting 
for  the  aircraft  motion.  The  present  paper  describes  the  adaptation  of 
these  principles  to  the  continuous  measurement  of  gravity  settling  particles. 
In  one  case  the  particles  are  the  ice  crystals  grown  from  natural  nuclei  in 
a  continuous  cold  box.  In  the  other  case,  the  particles  are  the  tiny  hydro¬ 
meteors  falling  out  from  a  geyser  plume. 

2.  THE  TECHNIQUES 

The  method,  as  originally  developed  by  Schaefer  (  1),  uses  a  liquid 
plastic  material  (Formvar,  dissolved  in  a  suitable  solvent).  The  particles 
settle  on  a  glass  slide  that  is  coated  with  liquid  Formvar  solution,  and  as 
the  solvent  evaporates,  permanent  replicas  of  the  particles  remain  in  the 
plastic.  A  later  modification  by  Schaefer  (2)  uses  a  precoated  slide  that  is 
dry  at  the  time  of  particle  collection.  After  the  particles  have  settled  on 
the  slide,  the  plastic  is  then  softened  by  using  solvent  vapor.  Todd  (3) 
noted  Schaefer's  methods  became  suitable  for  continuous  operation  with  the 
advent  of  a  16  mm  film  base**  which  is  not  affected  by  the  solvent.  In  this 
paper  the  collection  of  settling  particles  is  done  on  precoated  moving  16  mm 
film  with  the  coating  then  softened  by  the  vapor  method.  Replicas  of  the 
particles  can  be  conveniently  counted  and  studied  by  projecting  the  film 
with  a  standard  stop-motion  16  mm  movie  projectoi.  In  this  manner  the 
sizes  of  ice  crystals  are  accurately  preserved,  and  the  two-dimensional 
sizes  measured;  however  liquid  droplets  are  flattened  on  the  film  and  so  the 
replica  diameter  exceeds  the  original  droplet  diameter. 

3.  DESIGN  OF  THE  VAPOR  SYSTEM 

Ethylene  dichloride  (CaH4Cla),  ethylamme  (CaH5NHa),  and  chloroform 
(CHC13)  were  all  tried  as  solvents.  The  rate  of  solvent  absorption  on  the 
Formvar  film  is  a  function  of  the  solvents,  temperature,  and  tern  pe  rature 
differential  between  the  film  and  the  vapor.  The  chloroform  turned  out  to 
be  most  convenient  because  of  its  low  freezing  point  (-63°C)  and  good  vapor 


*  Formvar  (trade  name)  15-95E,  Shawinigan  Products  Corp.  ,  Springfield,  Mass. 

**C ronar  P-40A  Leader  (trade  name),  Polyester  Photographic  Film  Base, 

E.  I.  duPont  de  Nemours  fk  Co.  ,  Wilmington,  Delaware. 
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pressure  in  the  typical  temperature  range  of  0"C  to  -30"C.  Ethylamine  did 
not  dissolve  the  Formvar  coating.  Ethylene  dichloride,  with  its  low  vapor 
pressure  and  a  freezing  point  of  -36.  6°,  is  relatively  unsuited  for  general 
vapor  softening.  To  overcome  this  problem,  the  vapor  pressure  of 
ethylene  dichloride  could  be  increased  by  heating,  but  since  the  evaporation 
from  the  Formvar  must  take  place  at  ambient  conditions  (here  0°C  to  -30°C), 
the  heating  process  would  be  too  slow. 


Chloroform  seemed  to  be  the  most  suitable  solvent  and  so  it  was  used 
during  tests  on  plastic  film  thickness.  The  first  plastic  coating,  in  the  1-  to 
5-micron  region,  was  obtained  by  a  continuous  coating  device  using  a  one 
per  cent  (by  weight)  solution  of  Formvar  in  the  solvent;  a  coating  with  a 
thickness  of  10  to  20  microns  remained  after  using  a  10  per  cent  solution. 
The  thinner  coating  turned  out  to  be  much  more  sensitive  to  solvent  vapor 
and  produced  a  sharper,  more  clearly  defined  replica  edge  than  the  thicker 
coating.  It  was  also  found  that  the  chloroform  did  not  affect  the  crystal 
structure  in  any  way, 

4.  THE  FREEZING  NUCLEUS  COUNTER 

Figure  1  is  a  schematic  of  the  freezing  nucleus  counter.  The  bottom  of 
the  box  is  cooled  with  dry  ice  and  the  copper  plates  extend  up  the  sides  to 
conduct  cold  temperature  upward.  This  serves  to  maintain  a  good  "head" 
of  cold  air  and  drive  the  gravity  flow.  The  air  enters  through  the  top 
coming  down  through  a  wet  sponge  which  has  been  pierced  to  permit  some 
air  flow.  The  air  leaves  the  box  from  an  exit  tube  located  near  the  bottom 
at  one  end.  The  inside  box  dimensions  are:  width  5  cm,  height  25  cm 
length  30  cm. 

The  film  has  a  Formvar  coating  of  1  to  5  microns  thick.  It  moves  at 
about  8  cm  per  minute  which  gives  the  film  sufficient  time  for  the  softening 
process  to  take  place  in  the  solvent  container.  Any  crystals  which  fall  ori 
the  film  as  it  moves  horizontally  to  the  right  are  thus  replicated.  As  the 
inverted  film  moves  back  to  the  left,  there  is  ample  time  for  the  solvent  to 
evapo  rate. 


So  far  the  freezing  nucleus  counter  has  been  operated  only  to  test  the 
feasibility  of  the  technique,  not  to  obtain  routine  data.  The  results  are 
encouraging.  Ice  crystal  replicas  are  clear  and  easy  to  count.  The  replicas 
average  about  10  microns  in  diameter.  Even  the  larger  supercooled  liquid 
C  loud  droPlets  can  also  be  seen.  Crystal  growth  continues  somewhat  after 
settling  on  the  film  as  evidenced  by  the  lack  of  droplets  in  a  replica's 
immediate  vicinity.  The  softening  of  the  Formvar  would  be  made  more 
reliable  if  the  wick  were  heated  slightly;  this  improvement  is  recommended 
in  future  units . 
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The  unit  has  one  major  drawback:  it  can  sample  only  a  small  volume 
flow  of  air,  on  the  order  of  one  liter  per  minute,  and  so  ran  on  y give  useful 
crystal  counts  when  the  nuclei  concentration  is  well  over  10  pel  Uter  T h>s 
1  Jits  its  utilization  for  natural  nuclei  counting  although  the  sensitivity  is 
fine  for  monitoring  silver  iodide  plumes.  By  redesign  the  sampling  vote 
rate  could  be  increased  by  almost  an  order  of  magnitude,  but  it  would 
be  too  low  for  conventional  natural  nuclei  studies. 

5.  THE  CONTINUOUS  SMALL  P ARTICLE  SAMPLER 

The  techniques  of  the  freezing  nucleus  counter  were  applied  to  making 
continuous  replications  of  small  hydrometeors.  Essentially  the  film  an 
solvent  components  of  the  nucleus  counter  were  removed  from  the  cold  box 
and  the  film  exposed  to  falling  particles  in  the  atmosphere.  The  physical 
setup  is  shown  in  Fig.  2.  This  device  is  presumably  suitable  for  quantita¬ 
tive  measurements  during  light  wind  conditions. 

In  the  cold  box  the  volume  of  sampling  is  given  by  the  film  area  and 
the  height  of  the  temperature  where  nucleation  is  initiated.  In  the  out  ooi 
version,  the  height  from  which  the  volume  is  calculated- 1  s  the  vertica 
distance  the  particle  would  fall  during  the  sampling  time.  Thus  larger 
particles  are  sampled  from  a  larger  volume.  This  appears  to  be  more 
convenient  because  there  are  generally  fewer  larger  particles  per  unit 
volume.  Considering  spherical  particles  of  unit  density,  the  samp  mg 
volume  for  the  range  of  particle  sizes  was  computed  from  standard  fall  ra 
data.  For  example,  during  a  one-minute  exposure,  particles  3,  -  .  an 

800  microns  in  diameter  will  settle  from  0.  01  cm  ,  1  cm  ,  an  .  i  er, 
respectively. 

6.  THE  SAMPLER  AT  YELLOWSTONE 

The  continuous  small  particle  sampler  was  operated  on  the  1962 
Yellowstone  Park  Expedition  organized  by  Dr.  V.  J.  Schaefer  throng  tie 
State  University  of  New  York  with  the  support  of  (he  National  Scienc  e 

Foundation. 

On  the  morning  of  January  12,  the  sampler  was  operated  around  Old 
Faithful  geyser  to  sample  the  supercooled  cloud  produced  by  the  geyser. 

The  sample  was  continuous  from  0824  to  1200,  except  for  brief  periods 
when  the  unit  was  brought  inside  to  warm  the  batteries.  The  results  of  t  e 
sample  are  illustrated  in  Fig.  3,  with  examples  of  the  replicas  given  on 

Fig  4  All  the  pictures  of  Fig.  4  are  negative  prints!  when  viewed  in  a 

microscope  the  particle  outlines  are  dark.  During  this  run  the  unit  was 
occasionally  moved  about  the  area  and  was  sometimes  downwind  of  hot  pools, 
but  nevertheless  the  main  features  of  the  run  are  not  obscured. 
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The  portion  of  the  sample  taken  between  the  first  and  second  eruptions 
(0824  to  0925)  was  within  a  short  distance  of  the  geyser  The  ambient 
temperature  was  below  -40"C,  or  the  "Schaefer  Point"  (5),  so  as  a  result 
frozen  droplets  were  the  main  particle  form  (Fig.  4a).  The  supercooled 
particles  that  were  present  came  from  the  warm  steam  rising  off  hot  pools 
which  form  near  the  geyser  immediately  after  an  eruption  (Fig.  4b). 

A  short  time  after  each  eruption  the  concentration  of  ice  crystals 
appeared  to  increase  and  then  taper  off.  This  is  possibly  a  result  of  the 
increase  in  liquid  water  after  each  eruption.  Since  a  majority  of  the 
sampled  drops  are  greater  than  10  microns,  and  each  eruption  was  below 
-33  “C,  the  drops  were  subjected  to  spontaneous  nucleation  as  summarized 
by  Fletcher  (6).  During  the  period  between  eruptions  the  ice  crystals 
gradually  settled  out,  reaching  a  minimum  just  prior  to  the  next  eruption. 

Figures  4c,  4d,  and  4e  show  the  typical  crystals  at  times  not  close  to 
eruptions,  as  the  temperature  slowly  increased. 

The  effects  of  Schleusener 1  s  (7,  8)  Agl  generator  are  illustrated  by 
Figs.  3  and  4.  Before  seeding,  the  crystals  were  growing  but  at  a  slow 
rate,  A  substantial  increase  in  the  growth  rate  of  the  ice  crystals  occurred 
after  seeding,  and  they  also  became  more  regular  and  time-free  (Fig.  4 f , 

4g ,  and  4h).  Natural  ice  crystals  are  rimed  when  there  is  a  deficiency  of 
freezing  nuclei  which  allows  large  amounts  of  supercooled  water  to  remain 
(Fig.  4b).  Further  proof  of  the  seeding  effects  was  obtained  from  visual 
observations.  Optical  effects  (22°  halo  and  parhelia)  were  observed  after 
the  seeding  and  none  before. 

7.  SUMMARY 

The  continuous  sampler  for  settling  particles  has  been  developed  to 
the  point  where  it  has  demonstrated  its  feasibility  as  a  technique.  Im¬ 
proved  versions  can  serve  as  operational  devices  for  continuously 
recording  freezing  nuclei  and  for  collecting  particles  settling  by  gravity  at 
temperatures  at  least  as  low  as  -30°C.  The  particle  replicas  on  16  mm 
film  can  be  conveniently  handled,  examined,  and  counted. 
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DIAGRAM  OF  THE  SUPERCOOLED  GEYSER  PLUME  SAMPLER. 
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(light  spheres),  -39  °C.  4c.  0937  hexa  oral  plates  and  prisms 

(rectangles),  -38°C.  4d.  1000  hexagonal  plates,  -37°C.  4c. 

103  0  irregular  ice  crystals,  prisms,  -r'C.  4f.  1100  irregu¬ 
lar  ice  crystals,  hexagonal  plates,  prisms,  -34°C.  4g.  1130 

hexagonal  plates,  prisms,  -33°C.  41a  .  i0  hexagonal  plates, 

prism s  .  - 3  1 c C . 
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SUMMARY 


Systematic  observations  were  made  of  hydrometeor  charges 
associated  with  thunderstorms  at  Flagstaff,  Arizona.  All  the  measure¬ 
ments  took  place  in  and  below  clouds  which  were  entirely  supercooled. 
From  these  limited  cases,  a  rather  consistent  picture  emerged:  (a) 
generally,  charges  on  graupel  and  hail  within  the  supercooled  clouds  were 
positive  (measurements  made  as  high  as  the  -17.  5°C  level),  (b)  below  the 
cloud  at  the  +2"  to  +8°C  level,  just  where  the  melting  of  the  hydrometeors 
was  apparently  complete,  the  hydrometeors  became  abruptly  negative,  (c) 
at  still  lower,  warmer  levels  the  charge  magnitudes  were  consistently 
smaller,  with  both  signs  represented  but  predominantly  negative.  The 
data  suggest  that  a  strong  hydrometeor  charging  mechanism  is  associated 
with  the  melting  of  ice  hydrometeors  outside  the  cloud.  The  maximum 
charge  magnitudes  appeared  comparable  to  the  amounts  which  would  be 
limited  by  breakdown  gradients  at  the  hydrometeor  surface. 

The  measurements  were  made  from  a  light  plane  by  the  standard 
induced-charge  method.  The  aircraft  would  spiral  within  the  central 

upcurrent  up  into  the  cloud  and  later  spiral  down  through  the  precipitation 
shafts . 
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1.  INTRODUCTION 


The  mechanisms  which  provide  the  dominant  electrification  in 
thunderstorms  are  not  yet  known,  although  there  are  many  suggested 
theories.  Measurements  of  pertinent  variables  in  actual  clouds  are 
especially  vital  because  all  the  conditions  cannot  be  duplicated  within 
the  confines  of  a  laboratory1  even  if  the  conditions  which  should  be  dupli¬ 
cated  are  known.  This  paper  describes  field  measurements  made  in 
convective  clouds  and  thunderstorms  at  Flagstaff,  Arizona. 

The  main  feature  of  the  measurements  is  that  a  consistent  pattern 
seemed  to  emerge  from  them.  The  measurements  are  here  reported 
without  detailed  interpretation,  because  many  more  measurements  are 
required  before  the  complete  picture  is  defined. 

Numerous  studies  have  emphasized  the  correlation  between  the  growth 
and  fall  of  ice  hydrometeors  and  the  development  of  strong  cloud  electri¬ 
fication,  the  most  likely  inference  being  that  the  hydrometeors  are 
instrumental  in  causing  the  electrification.  Thus  the  direct  measurement 
of  the  charge  on  hydrometeors  becomes  particularly  important  in  under¬ 
standing  the  fundamental  electrification  mechanism,  and  fortunately  the 
measurement  is  relatively  simple.  Potential  gradient  measurements  are 
useful,  but  their  interpretation  tends  to  be  ambiguous  because  various 
charge  distributions  can  cause  the  particular  gradients  as  observed  at 
particular  times  and  places.  Eventually  space  charge  measurements  and 
particularly  cloud  droplet  charge  measurements  must  be  obtained  in 
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conjunction  with  other  electrification  and  meteorological  data  before  the 
electrification  mechanism  problem  can  be  given  a  quantitative  solution. 

2.  MAIN  FEATURES  OF  THE  FIELD  MEASUREMENTS 
!•  Potential  gradient  measurements  at  the  ground  at  Flagstaff  have 
demonstrated  that  the  electrified  clouds  seem  to  be  typical  of  many 
electrified  clouds  found  elsewhere;  the  predominant  electrification  is 
associated  with  a  vertically  oriented  charge  dipole  having  the  positive 
charge  on  top.  Measurements  of  both  steady-state  gradient  and  lightning 
discharge  gradient  change  support  this  model.  The  electrified  clouds 
studied  had  relatively  cold  bases,  colder  than  0°C,  assuring  that  the 
significant  growth  of  large  hydrometeors  occurred  in  the  ice  phase.  The 
supercooled  droplets  were  generally  smaller  than  20  p  in  diameter.  Some 
of  the  clouds  studied  were  being  seeded  with  silver  iodide  (introduced  into 
the  vertical  current  rising  into  the  cloud)  j^MacCready  et  al.  ,  1963], 

2.  The  charge  on  graupel,  encountered  in  the  -10°  to  -15°C  range 
during  spirals  upward  in  the  cell  center  and  during  traverses,  was 
generally  positive. 

3.  On  downward  spirals  in  the  precipitating  area  under  the  cloud  it 
was  noted  generally  that  the  ice  hydrometeors  at  colder  than  freezing 
temperatures  were  positive,  that  at  some  point  where  the  particles  were 
completely  melted  the  charge  on  the  liquid  bydrometeors  changed  to 
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negative,  the  sign  change  often  being  rather  abrupt,  And  that  at  still 
warmer  temperatures  the  hydrometeor  charges  were  mixed  and  much 
smaller.  These  changes  of  charge  imply  that  a  strong  negative  charging 
mechanism  is  associated  with  melting. 

The  downward  spirals  of  the  sampling  airplane  did  not  accurately 
follow  the  descent  of  the  hydrometeors  being  measured.  The  charge 
evolution  described  above  was  derived  by  assuming  that  the  charges 
encountered  at  each  level  were  characteristic  of  that  level;  e.  g.  ,  the 
main  charge  evolution  from  plus  to  minus  depends  on  temperature 
(altitude).  It  is  not  impossible  that  the  variations  in  the  sign  of  the 
hydrometeors  could  be  ascribed  to  a  variation  in  time  rather  than  tempera¬ 
ture  or  height.  However,  the  systematic  variation  with  temperature  was 
encountered  ten  times  in  9  flights,  while  no  correlation  with  the  timing  or 
stage  of  the  precipitation  was  apparent.  Thus  the  data  best  support  the 
concept  of  the  charge  evolution  being  basically  temperature  dependent. 

4.  The  maximum  plus  and  minus  charge  magnitudes  were  more  than 
1000  picocoulombs  (3  esu),  and  the  charge  on  typical  graupel  pellets  was 
in  the  range  of  50  to  500  picocoulombs.  For  both  the  water  and  the  ice 
hydrometeors,  these  observed  charges  were  of  ttye  order  of  the  maximum 
which  can  be  held  on  a  hydrometeor  before  breakdown  gradients  are  buill 
up  at  its  surface. 

5.  Although  the  charge  pattern  was  generally  consistent,  there  were 
some  exceptions.  Some  of  the  graupel  showed  no  measurable  charge, 
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although  most  of  it  registered  positive.  Where  the  hydrometeors  were 
predominantly  of  one  sign,  there  was  an  occasional  charge  of  the  other 
sign  intermingled.  Negatively  charged  ice  hydrometeors  were  found 
at  colder  than  freezing  temperatures  at  cloud  base  on  several  occasions. 

3.  MEASUREMENT  TECHNIQUES 

The  hydrometeor  charge  measurements  were  obtained  as  part  of  a 
continuing  field  program  of  cloud  physics  studies  in  summertime  cumulus 
clouds  at  Flagstaff.  A  coordinated  system  of  ground  and  airborne 
instruments  are  used.  On  the  ground,  concentrated  around  the  isolated 
San  Francisco  Peaks,  are  radars,  a  network  of  time-lapse  cameras,  and 
a  network  of  miscellaneous  meteorological  instruments  including  potential 
gradient  sensors.  The  aircraft  are  equipped  to  sample  cloud  droplets  and 
measure  vertical  velocities,  turbulence,  altitude,  temperature,  water 
vapor,  and  liquid  water  content,  as  well  as  atmospheric  electricity. 

The  measurements  reported  here  were  made  with  instruments 
installed  on  a  Cessna  180  aircraft,  with  background  data  coming  from  the 
rest  of  the  field  system. 

The  hydrometeor  charge  was  found  through  the  use  of  an  open  Faraday 
cage  j^Gunn,  19 47~|.  Hydrometeors  pass  through  a  conducting  tube  or  ring, 
open  at  each  end.  While  the  hydrometeor  is  in  the  charge  ring,  most  of  the 
charge  appears  on  the  ring  and  can  be  measured  by  an  appropriate  electro¬ 
meter  circuit.  Because  of  the  speed  of  the  aircraft  (50  m/sec)  and  the 
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length  of  the  ring,  each  charged  hydrometeor  causes  a  voltage  pulse  of 
about  1-msec  duration.  The  decay  side  of  this  pulse  is  electronically 
slowed  or  stretched  so  that  the  pulse  can  be  registered  on  a  Brush  recorder, 
which  does  not  respond  above  several  hundred  cycles  per  second. 

Figure  1  shows  a  cross  section  of  the  ring  cage  unit.  A  Kistler  model 
555  charge  amplifier  was  modified  by  the  manufacturer  to  have  three 
sensitivity  ranges:  10,  100,  and  1000  picocoulombs  producing  1 -volt 
output.  The  sensor  sensitivity  and  the  characteristics  of  the  pulse  stretcher 
and  the  rest  of  the  electronics  system  combined  to  give  three  sensitivity 
ranges  of  ±10,  ±100,  and  ±1000  picocoulombs  full  scale  with  the  Brush 
recorder  set  at  zero  center  and  ±0.  4  volts  full  scale.  Instrument  noise 
was  never  a  problem;  thus  charges  under  5  per  cent  of  full  scale  could  be 
read.  Charges  considerably  beyond  full  scale  on  the  recorder  did  not 
overload  the  electronics;  they  could  be  estimated  by  noting  the  pulse  width 
at  a  given  amplitude.  Primary  calibration  came  from  discharging  known 
capacitances  into  the  ring.  An  over-all  absolute  error  of  less  than  25  per 
cent  is  estimated  for  the  system. 

There  are  three  possible  events  when  the  hydrometeor  with  charge  Q 
enters  the  sensor: 

1.  The  hydrometeor  passes  through  the  open-ended  Faraday  cage,  termed 
the  ring.  Imyanitov  F  1958^  has  show.,  that  the  maximum  charge 
appearing  on  the  ring  is  CL  Q,  where 
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Fig.  1.  CROSS  SECTION  VIEW  OF  HYDROMETEOR  CHARGE  SENSOR. 
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r  is  ring  radius 

In  the  present  case,  with  h  =  9  cm  and  r  being  assumed  to  be  1.6  cm 
as  a  representative  value,  considering  the  1.  4  cm  radius  entrance  and 
the  2.2  cm  radius  exit,  a  ~  0.94.  a  actually  varies  somewhat  with  the 
radial  position  of  the  hydrometeor,  but  not  by  an  amount  that  is 
significant  in  the  present  study. 

2.  The  hydrometeor  strikes  the  ring  and  transfers  the  total  charge  Q 

to  it.  For  small  particles  passing  through  the  restrictive  shield,  the 
geometry  shows  that  about  two -thirds  will  go  through  the  ring  and 
one-third  will  strike  the  ring  (ignoring  collection  efficiency).  For 
larger  particles,  some  will  strike  the  ring  but  part  of  the  particle  will 
break  off  and  pass  through  the  ring.  In  either  case,  between  94  and 
100  per  cent  of  the  charge  will  appear  on  the  ring.  The  time  constants 
of  the  system  determine  the  decay  shape  of  the  pips  on  the  recorder. 
There  is  a  longer  decay  for  the  pips  which  result  from  collisions 
than  for  those  from  a  charge  passing  through  the  ring.  Preliminary 
flight  checks  showed  that  both  types  of  pips  gave  comparable  magni¬ 
tudes  in  several  representative  meteorological  situations;  this  implies 
that  no  large  spurious  readings  are  being  created  because  of  hydro¬ 
meteors  striking  the  ring  at  the  50  m/sec  flight  speed. 

3.  Particles  passing  between  the  ring  and  the  shield  will  also  give  a 
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momentary  charge  to  the  ring.  The  sensor  is  designed  so  that  no 
major  particles  can  move  through  this  area. 

Most  recordings  were  made  at  a  chart  speed  of  10  mm/sec,  at  which 
speed  the  shape  of  the  pips  could  be  examined.  After  confidence  was 
gained  with  the  unit,  a  speed  of  0.  4  mm  was  occasionally  used;  the  magni¬ 
tude  and  number  of  pips  could  be  ascertained,  but  not  the  shape. 

In  a  region  of  numerous  charged  particles,  a  new  hydrometeor  could 
enter  the  ring  before  the  trace  had  decayed  to  zero,  and  then  the  zero  level 
would  show  a  bias.  The  ring  processed  about  40  liters  of  air  per  second, 
so  this  was  troublesome  only  in  precipitation  having  more  than  about  200 
particles  per  m3.  Sometimes  some  zero  drift  occurred  without  large 
charges  being  present.  It  seems  logical  that  this  was  caused  by  a  dense 
cloud  of  many  very  small  charges,  essentially  the  cloud  charge.  On  the 
medium  sensitivity  setting  a  cloud  charge  of  the  order  of  5  esu  per  gram 
of  droplets  could  account  for  this.  Cloud  charges  of  this  magnitude  would 
be  expected  in  regions  of  charged  hydrometeor  growth. 

The  aircraft  was  equipped  with  three  radioactive  probes  and  associated 
electrometers  for  measurement  of  airplane  charge  and  vertical  potential 
gradient.  The  apparatus  was  crude  and  simple,  but  still  it  appeared  to 
have  some  value  inside  clouds.  Two  probes  were  put  at  mid-fuselage,  one 
at  the  top  and  one  at  the  bottom,  and  their  voltage  difference  was  noted  for 
vertical  (relative  to  the  aircraft  vertical)  gradient  measurements.  An 
electrically  floating  electrometer  was  used,  its  output  signal  being 
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transferred  to  recorder  potential  by  converting  the  output  to  alternat¬ 
ing  current,  sending  it  across  a  special  isolating  transformer,  and 
reconverting  to  direct  current.  The  third  probe  was  on  the  side  of  the 
fuselage  under  the  wing,  where  it  was  relatively  unaffected  by  vertical 
gradients;  thus  it  pertained  mostly  to  airplane  charge.  A  corona  current 
charger 'was  used  to  charge  the  aircraft  occasionally  in  clear  air  to 
check  that  the  two  vertical  gradient  probes  were  properly  balanced  so 
they  would  not  respond  to  aircraft  charge.  The  probe  positions  would  be 
altered  to  provide  balance,  and  if  some  imbalance  remained  the  error 
due  to  aircraft  charge  could  still  be  estimated  in  the  resulting  data. 

The  potential  gradient  and  aircraft  charge  meas-  -ements  are  not 
reported  in  detail  here  because  (a)  the  instrumentation  is  considered 
somewhat  crude  and  (b)  their  rapid  variations  in  steep  spiraling  flight 
in  nonsmooth  cloud  conditions  tend  to  obscure  the  main  points.  It  was 
noted  that  the  aircraft  charge  and  the  charge  on  hydrometeors  were 
sometimes  the  same  sign  and  at  other  times  of  opposite  sign,  implying 
that  vertical  potential  gradients  were  not  involved  in  a  dominant  hydro¬ 
meteor  charging  outside  the  cloud.  The  aircraft  charge  arises  from  the 
charges  both  on  small  droplets  and  on  larger  hydrometeors,  and  so  it 
is  closer  to  the  net  charge,  which  in  many  instances  should  have  the 
opposite  sign  from  the  hydrometeors. 
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4.  SUMMARY  OF  HYDROMETEOR  CHARGE  MEASUREMENTS 
In  August  1962  nine  flights  were  made  in  electrified  cloud  situations 

with  the  hydrometeor  charge  unit  in  operation. 

jAug^ist  ^13^  1.  At  the  melting  level  positive  hydrometeors  switched 

abruptly  to  negative.  The  airplane  was  in  a  downward  spiral  below 
cloud  base.  This  spiral  is  shown  completely  in  Figure  2. 

August  1.  Dense  graupel  of  +20  pcoul  was  encountered  at  -14.5’C 

at  the  top  of  an  upward  spiral  in  a  cloud  with  a  base  temperature 
of  -  6°C . 

August  4b.  1.  At  -13. 5"C  at  (he  top  of  an  upward  spiral  in  a  cloud 

with  -8.8*0  base,  +10  to  +50  pcoul  charges  were  found  on  light 
graupel. 

2.  In  a  downward  spiral  below  cloud  base,  in  very  light 
ice  particles  so  small  they  could  not  be  seen  individually  but  could 
be  heard  striking  the  plane,  +1  to  +5  pcoul  were  measured  down  to 
4,  300  m,  at  about  +2.  5’C;  then  -  1  to  -  1  5  pcoul  at  4,  100  m  and 
lower,  warmer  than  +4.  5"C,  in  very  small  raindrops. 

3.  In  a  horizontal  traverse  at  the  +2"C  to  +4.  5’C  level, 
many  +3  to  +5  pcoul  charges  were  encountered,  and  just  one  negative 
charge,  -5  pcoul.  Some  hydrometeors  showed  no  measurable  charge. 

4.  In  a  downward  spiral,  in  soft  graupel  at  +  2°C,  measured 
positive  charges  were  +10  to  +30  pcoul,  decreasing  in  charge  as  the 
plane  descended.  At  +6’C  the  hydrometeors  were  termed  light  rain; 
at  +6.  5’C  the  charges  began  being  negative,  about  -2  pcoul. 
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At  +  12*C  there  were  some  -15  pcoul  charges. 

_Augus_t  _15a._  1.  In  a  seeded  c load  (base  -6.7®C)at  -  17.  5*C  at  the 

top  of  an  upward  spiral,  a  few  negative  charges  were  found  on 
graupel,  probably  of  the  order  of  -  500  pcoul  (scale  setting  indeter¬ 
minate). 

2.  In  a  horizontal  traverse  at  the  0  to  +4®C  level,  at  +2 
to  +4®C  in  'noisy  graupel  with  no  water  in  it'  there  were  predomin¬ 
antly  positive  charges  of  +200  pcoul,just  one  out  of  100  being  nega¬ 
tive.  In  heavy  rain  at  +4°C  there  was  no  appreciable  charge.  In 
light  graupel  the  charge  was  +30  to  +100  pcoul,  then  in  melting 
graupel  -100  to  -200  pcoul.  At  0®C  -25  pcoul  was  noted  on  small 
hydrometeors. 

Aug_ust  J^Sb^  1.  In  a  slow  downwind  spiral  below  cloud  (base  -6°C), 
in  virga,  at  -5®C  there  were  a  few  positive  charges  of  +5  and 
+  10  pcoul,  and  at  -3®C  a  few  stronger  positive  charges,  then  more 
small  positive  charges.  At  +8®C  there  were  a  few  strong  negative 
charges  in  light  rain,  of  uncertain  magnitude. 

2.  At  the  top  of  an  upward  spiral  in  a  seeded  cloud,  at 
-14®C  there  were  many  positive  charges  exceeding  +100  pcoul  in 
graupel. 

3.  In  a  subsequent  spiral  down  through  precipitation  below 
this  same  cloud,  base  -8.  8®C,  strong  positive  charges  were  found 
on  moderate  hail  turning  to  negative  when  melted  at  +9"C,  with  weak 
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charges  of  both  signs  at  warmer  temperatures.  The  detailed 
measurements  in  this  spiral  are  given  in  Figure  3.  During  this 
descent  lightning  was  noted  about  500  m  away. 

4.  In  flight  through  and  below  some  other  thin  clouds, 
many  +5  and  +  7  pcoul  charges  were  noted  in  small  snow  flakes  at 
-8-C,  to  *20  pcoul  at  -CC.  At  *3*C  in  melting  drop,  the  charge, 

were  -300  pcoul,  and  in  rain  at+l]»C  to+13"C  they  were  -150  to 
-300  pcoul. 

’•  a  *>riel  upward  spiral  into  a  cloud  (base  -1*C)  at 
-4-C  die  measurements  showed  small  positive  and  negative  charge, 
as  the  aircraft  was  at  the  cloud  edges. 

2.  At  the  top  of  another  spiral,  in  leaving  the  cloud  mass 
at  -11-C,  the  charges  were  +10  to  +110  pcoul,  and  there  may  have 
been  some  smaller  charges  some  of  which  could  be  negative. 

**  At  +8"C  in  lj8ht  Precipitation  a  few  +2  pcoul  charges 
were  found. 

2.  At  +0.5*C  to  -2'C  positive  charges  predominated, 
in  die  +5  to  +60  pcoul  range,  with  the  stronger  charges  at  the  colder 
temperatures.  The  hydrometeors  were  termed  light  ice  ones  which 
showed  wetness  on  the  airplane,  in  the  same  area  negligible  charge 
existed  at  +6°C.  At  +8"C  in  an  adjacent  precipitation  area  with  a 
mixture  of  graupel  and  rain,  the  observer  noted  +300  pcoul  when 
some  melting  was  apparent. 


no  measurable  charge  in  some  of  the  rain 


and  some  ±50  pcoul  charges  in  the  area.  At  13.  5*C  there  were 
many  -100  to  -300  pcoul  charges,  and  two  ±200  pcoul  charges,  and 
then  primarily  ±4  pcoul  in  a  downcurrent  and  in  an  upcurrent  at 
19. 2°C. 

3.  In  a  slow  climb  up  through  the  precipitation  area  and 
another  descent  the  following  distributions  were  noted.  In  rain  at 
+  16°C  to  +6.5',C  charges  were  both  signs,  ±2  to  ±10  pcoul,  being 
stronger  at  higher  altitudes.  At  +1°C  there  was  a  group  of  +20  to 
+  50  pcoul  charges.  At  temperatures  warmer  than  +2°C  there 
were  many  negative  charges,  -  5  to  -15  pcoul,  and  negligible 
charge  at  temperatures  warmer  than  +10°C. 

^OIt  Collins,  Colorado,  a  spiral  was  made  down 
through  a  thunderstorm  precipitation  region.  Although  no  detailed 
notes  are  available,  the  records  show  positive  charges  at  H'C 
to  -TC,  and  negative  charges  in  the  +7  to  +19<’C  range. 

5.  CHARGE  MAGNITUDES 

The  sizes  of  the  hydrometeors  were  only  estimated  very  crudely  in 
this  study,  and  yet  it  was  apparent  that  the  maximum  charges  on  the 
hydrometeors  were  not  far  from  the  maximum  charges  which  could  be 
held  on  the  particles  without  breakdown  gradients  at  the  edges.  The 
important  point  is  that  the  charging  mechanisms,  both  positive  and  nega¬ 
tive,  are  strong  enough  so  that  the  charge  on  a  hydrometeor  is  often 
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limited  by  the  breakdown  gradient  rather  than  by  the  charging  rale. 

Figure  4  shows  in  a  convenient  form  the  charges  which  can  be  held  on 
various  sizes  of  spherical  hydrometeors.  The  relationship  employed 
is 

2 

Q  =  Fr 

where  Q  is  charge  in  esu,  F  is  field  strength  in  esu/cm,  and  r  is  in 

9 

centimeters.  For  Q  in  coulombs  (1  coul  *  3-  10  esu),  F  in  volts  per 

centimeter  (1  v/cm  =  1/300  esu/cm)  and  r  in  centimeters,  the  equation 

is  O  *  1.11*  10"  12  Fr^  .  In  terms  of  charge  density,  Q/m  where  m 

is  the  mass  (grams)  of  a  spherical  particle, 

_  3F 
4rrq/m  6 

where  6  is  the  relative  density  of  the  particle,  and  q  and  F  are  in  electro¬ 
static  units.  In  other  units,  with  charge  in  picocoulombs  and  the  field 
strength  in  volts  per  centimeter,  the  above  equation  becomes 

0. 264  F 

r  s:  - - - 

q/m  6 

For  a  graupel  or  hail  pellet,  the  rough  surface  should  intensify  the  field 
at  some  portions  of  the  surface,  and  so  the  mean  limiting  gradient  may 
be  well  under  the  10,  000  to  15,  000  v/cm  usually  assumed.  A  limiting 
gradient  of  about  7000  v/cm  is  suggested  for  a  typical  rimed  particle, 
graupel,  or  small  hail.  A  water  drop  will  have  a  smoother  surface, 
and  thus  a  higher  limiting  surface  gradient  of,  say,  10,000  to  15,000  v/cm. 
The  largest  stable  liquid  drops  are  about  0.6  cm  in  diameter.  Considering 
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Moss  (grams,  for  density=l) 


Surface  gradient 


Fig.  4.  VARIOUS  CHARGE-RADIUS  RELATIONSHIPS. 

Solid  lines  show  the  surface  gradient  for  spherical  particles. 
Dashed  lines  show  the  charge  density  in  esu/gm,  for  a  particle 
density  1  .  lor  other  densities  the  charge  density  lines 

can  be  relabeled  using  a  factor  '  “  -  . 


such  a  drop  to  be  spherical,  for  a  10,  000  v/cm  surface  gradient  the 
charge  is  3  esu  or  1000  picocoulombs,  and  the  charge  density 
26.  5  esu/ g.  A  1  5,  000  v/cm  breakdown  gradient  gives  a  maximum 
charge  of  4.  5  esu  or  1  500  picocoulombs.  If  this  drop  of  0.  1  132  g  mass 
had  melted  from  a  small  hail  pellet  of  6  *  0.7  and  the  same  mass, 
from  the  previous  assumptions  the  maximum  charge  on  the  hail,  would 
have  been  2.66  esu,  and  the  charge  density  23.  5  esu/g.  The  hail  sphere 
is  larger,  but  the  surface  breakdown  gradient  on  the  hail  is  lower. 

^-*unn  [l  949~|  examines  the  subject  of  charge  limits  with  respect  to 
measured  values  of  size  and  charge  for  liquid  raindrops  measured  at  the 
ground  under  thunderstorms.  He  points  out  that  drop  deformation  may 
significantly  lower  the  charge  limit  on  the  drop.  For  some  drops  he 
found  charges  which  would  lie  just  a  bit  beyond  the  10,  000-v/cm  line  of 
Figure  4,  although  most  were  an  order  of  magnitude  less.  Thus  his 
measurements  demonstrate  a  logical  charge  versus  size  limit,  although 
he  was  dealing  with  considerably  smaller  hydrometeors  than  those 
shown  in  Figure  3,  and  the  peak  charges  were  under  0.  1  esu. 

In  summary,  a  suggested  rule  of  thumb  for  maximum  hydrometeor 

charging  is,  during  riming 

-9  2 

Q  *  +7.  8*  10  r  Q  a  charge  in  coulombs 

r  =  radius  in  centimeters 

and  after  melting,  the  maximum  charge  would  be 

“8  2 

Q  *  -1.11-  10  r  (here  r  <0.3  cm  by  drop  instability). 
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Kuettner 


|  1956  |  has  pointed  out  that  the  electrostatic  force  on  a  drop 
in  a  1000-v/cm  gradient  will  equal  the  gravitional  force  for  a  charge 
density  of  300  esu/g.  Figure  4  shows  that  drops  smaller  than  about 
200  p  in  radius  can  hold  such  a  charge.  These  electrostatic  effects  could 
appreciably  accelerate  or  retard  the  coalescence  growth  of  small  hydro 
meteors  having  the  maximum  charge.  They  could  also  be  instrumental 
in  expelling  small  charged  hydrometeore  from  a  cloud  or  in  somewhat 
readjusting  the  positions  of  charged  areas,  even  though  the  change  in 
net  velocity  of  the  hydrometeors  is  small  compared  with  the  main  dynamic 
motions  in  strong  cumulus  situations.  The  effect  is  greatest  on  small 
hydrometeors;  larger  ones  have  less  charge  density,  and  in  any  case 
gravity  effects  will  predominate.  For  smaller  ones,  such  as  cloud  drop¬ 
lets  moving  in  the  Stokes  flow  regime,  the  velocity  of  maximum  charged 
droplets  will  vary  linearly  with  r  and  thus  be  small. 

6.  DISCUSSION 

The  hydrometeor  charge  observations  at  Flagstaff  imply  that  a 
strong  charging  mechanism  (or  first  discharging  and  then  charging  with 
the  opposite  sign)  is  closely  associated  with  melting.  How  the  effect 
depends  on  falling  speed,  space  charge,  conductivity,  potential  gradient, 
chemical  and  mechanical  structure  of  the  ice  hydrometeor,  etc.,  is  not 
known.  In  any  case,  since  the  change  from  positive  to  negative  during 
melting  occurred  entirely  outside  the  cloud,  the  charging  is  not  associated 
with  collisions  with  droplets. 
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The  sign  reversal  at  Flagstaff  occurred  often  around  +3“C  or 
+4"C,  the  hydrometeors  being  relatively  small.  In  some  cases  of 
heavier  precipitation  and  larger  particles,  the  reversal  was  at  +  6*C, 

+  8®C,  or  even  warmer.  During  one  spiral  descent  the  observer  was 
carefully  noting  the  condition  of  the  hydrometeors  and  he  observed  that 
the  sign  reversal  did  correlate  very  well  with  the  point,  at  6.  5“C,  at 
which  the  drops  first  showed  no  characteristics  of  containing  any  ice. 

The  temperature  at  which  an  ice  hydrometeor  will  be  completely  turned 
to  liquid  depends  on  many  factors,  especially  hydrometeor  size  and 
structure,  vertical  air  velocity,  and  local  humidity.  The  Flagstaff 
measurements  seem  reasonably  consistent  with  the  concept  that  the 
main  charging  is  associated  with  the  final  stages  of  melting. 

Mason  19  57,  p.  443*j  calculates  the  final  melting  level  of  ice  and 
graupel  in  some  representative  cases.  The  distance  below  the  0"  level 
turns  out  to  be  almost  directly  proportional  to  the  particle  radius. 

A  radius  of  2  mm  would  correspond  to  a  melting  level  of  6"C  to  8"C, 
which  is  not  inconsistent  with  the  Flagstaff  data. 

The  existence  of  a  negative  hydrometeor  charging  level  associated 
with  melting  was  found  long  ago  from  gradient  measurements.  For 
example,  Kuettner  fl956  ~j,  discussing  the  Simpson-Sc  rase  model,  the 
Simps  on- Robins  on  model,  and  Kuettner's  own  measurements  on  the 
Zugspitze,  states,  'in  nature  a  new  charging  effect  takes  over  in  the  melt¬ 
ing  zone,  adding  negative  charge  to  the  precipitation  particles  at  a  faster 

1  6 


rate  than  the  pure  ionic  discharge  currents  would  do.  '  The  positive 
charge  below  the  negative  charge  of  the  main  thunderstorm  dipole 
might  be  related  to  the  positive  charge  released  to  the  air  in  the 
melting  regions  as  the  hydrometeors  lose  positive  charge  and  acquire 
negative  charge. 

Figure  3  shows  a  deep  descent  made  in  precipitation  (termed  'soft 
hail'  by  the  observer)  below  cloud  base  during  a  strong  electrification 
situation.  It  is  worth  examining  in  detail,  although  it  is  not  wise  to  try 
to  infer  too  much  from  the  details  of  any  individual  case.  The  aircraft 
descent  rate  is  not  greatly  different  from  the  fall  speed  of  the  larger 
hydrometeors  in  still  air. 

The  maximum  positive  charges  just  below  cloud  base  appear  to  be 
about  the  maximum  which  could  be  maintained  on  the  observed  hydro¬ 
meteors  before  breakdown,  as  discussed  in  the  preceding  section.  The 
magnitude  of  the  maximum  charges  decreases  steadily.  The  rate  of 
decrease  is  not  inconsistent  with  the  charge  which  would  leak  off  by  con¬ 
ductivity;  at  5,  500  m  the  standard  air  conductivity  would  be  expected  to 
drain  off  50  per  cent  of  the  charge  in  2  to  4  minutes.  There  is  no  marked 
effect  at  the  0"C  level. 

The  switch  from  positive  to  negative  takes  place  abruptly  and  com¬ 
pletely  at  +8°  to  +10"C,  presumably  about  the  level  at  which  melting  of 
these  hydrometeors  is  completed.  The  flight  notes  verify  that  the  particles 
still  had  ice  characteristics  at  +6.  5"C.  The  maximum  negative  charges 
are  at  a  bit  warmer  level,  +12"  to  +13"C;  the  melting  of  the  very  largest 
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hydrometcors  could  reasonably  have  been  delayed  to  this  temperature. 

As  derived  in  the  preceding  section,  the  largest  charge  on  a  stable 
liquid  water  drop  should  be  of  the  order  of  -1500  picocoul.  This 
figure  results  from  assuming  a  maximum  radius  of  0.  3  cm  and  a 
maximum  surface  field  of  15,000  v/cm.  This  agrees  with  the  maximum 
negative  charge  shown  in  Figure  3,  1500  picocoul. 

At  even  higher  temperatures,  even  though  the  rain  was  still  strong, 
the  observed  charges  were  small.  This  could  be  attributed  to  a  com¬ 
bination  of  conductivity  loss,  ionic  charging  due  to  the  presence  of 
space  charge  (primarily  positive  charge,  brought  to  this  level  by  a 
downcurrent  from  the  melting  level  where  the  hydrometeors  release 
positive  charge  or  brought  up  from  the  ground  where  corona  currents 
provide  charge),  and  ionic  charging  due  to  ion  mobility  effects  in  the 
presence  of  a  strong  electric  field.  The  abruptness  of  the  change  at  +14°C 
from  strong  negative  charges  to  weak  charges  of  both  signs  is  not  neces¬ 
sarily  significant;  it  must  be  remembered  that  the  aircraft  operation 
provides  sampling  variations  in  both  time  and  space  and  so,  as  operated, 
is  not  exactly  following  the  evolution  of  a  particular  group  of  hydrometeors. 

Figure  2  shows  a  similar  descent  made  in  a  situation  where  the  ice 
hydrometeors  were  termed  'light  and  heavy  graupel'.  Some  of  the 
graupel  had  no  appreciable  charge.  As  shown  by  the  time  scale  on 
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Figure  2,  the  descent  was  made  somewhat  erratically.  Considering 
charges  greater  than  5  pcoul,  the  change  from  positive  to  negative  was 
very  abrupt  at  +2“C,  at  which  level  the  melting  ol  standard  graupel 
could  be  complete.  The  maximum  negative  charges  were  found  at  even 
warmer  temperatures. 

It  is  worth  noting  that  the  riming  process  in  the  Flagstaff  thunder 
storms  studied  involves  only  hydrometeor  coalescence  with  small  super 
cooled  droplets,  less  than  20  p.  in  diameter.  Droplet  measurements 
were  made  with  a  continuous  film  Formvar  droplet  sampler  during  the 
electrification  flights  MacCready  et  al.  ,  1963 ].  Thus  the  mechanism 
proposed  by  Latham  and  Mason  |"l96l~|,  involving  splintering  effects  on 
electrification  with  larger  droplets,  does  not  seem  applicable  here.  No 
physical  reason  is  given  here  for  the  ice  hydrorneteor  charging  mecha¬ 
nism.  As  pointed  out  by  Latham  and  Mason,  except  for  Findeisen's 
measurements,  studies  of  charging  by  riming  have  regularly  shown  the 
rime  deposit  to  be  negative.  However,  none  of  the  studies  exactly  dup¬ 
licated  the  conditions  on  a  graupel  pellet  growing  in  a  thunderstorm. 

*SH.t-ttner  fl956  J  considered  c  loud  dynamic  s  and  masking  charges  on 
cloud  droplets,  as  well  as  hydrorneteor  charging  to  introduce  the  concept 
that  the  fall  of  positive  hydrometeors  could  give  rise  to  the  observed 
thunderstorm  main  vertical  dipole  with  negative  polarity  on  the  bottom. 
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Hi9  interpretation  of  his  own  measurements  on  the  Zugspitze  and  of 
available  vertical  gradient  information  within  thunderstorms  required 
tire  existence  of  just  the  sort  of  charge  evolution  during  riming  and 
melting  which  was  found  during  these  limited  measurements  at  Flagstaff. 
Kuettner's  picture  of  the  over-all  charge  separation  mechanism  is  not 
clear  to  us,  especially  as  regards  the  complete  mechanism  for  provid¬ 
ing  a  net  positive  charge  in  the  upper  portions  of  the  cloud.  Nevertheless, 
his  concept  that  the  charge  distribution  must  tie  in  closely  with  tempera¬ 
ture  levels  is  consistent  with  these  field  data. 

The  data  presented  here  do  imply  that  a  strong  hydrometeor  charg¬ 
ing  mechanism  is  associated  with  the  melting  of  ice  hydrometeors. 

They  further  suggest  that  the  hydrometeors  are  predominantly  positively 
charged  while  in  the  ice  phase.  It  must  be  reemphasized  that  the  clouds 
which  were  investigated  comprise  only  a  very  limited  sample,  with  very 
cold  bases  and  small  droplet  sizes;  this  must  be  recognized  in  any 
extrapolation  of  the  results  to  other  situations.  Similar  measurements 
on  a  brief  subsequent  project  in  the  summer  of  1963,  not  yet  analyzed 
in  any  great  detail,  suggest  that  with  warmer  cloud  bases  the  signs  of 
the  hydrometeors  form  a  much  more  complex  picture  than  the  simple 
results  given  here.  Laboratory  tests  on  charging  during  melting 
j^Dinger  and  Gunn,  1946;  MacCready,  1 964  J  support  a  positive  charging 
during  melting  rather  than  the  negative  charging  suggested  by  the  flight 
data. 
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^,unn  [>  957  J  mentions  that  the  region  in  the  vicinity  of  the  zero 
isotherm  is  a  region  of  maximum  electrification  activity  (65  per  cent  of 
lightning  strikes  to  aircraft  were  in  air  in  the  temperature  range  of 
0*  to  +5°C ).  Gunn  J~1947  J  shows  a  figure  indicating  a  preponderance 
of  positively  charged  hydrometeors  at  cold  temperatures  and  negative 
ones  at  warm  temperatures.  In  measurements  within  an  active  thunder¬ 
storm  [  Gunn,  1  9 50 ~]  he  found  that  the  electrification  was  at  a  maximum 
'where  the  temperature  approximates  10“C  and  where  the  melting  of  snow 
or  graupel  formed  above  the  freezing  level  probably  takes  place.  '  The 
measurements  reported  here  are  not  inconsistent  with  his  measure 
ments,  but  there  can  be  broad  latitude  in  interpretation. 

In  summary,  it  does  seem  likely  that  the  melting  level  represents 
a  layer  in  which  substantial  charge  is  liberated  by  hydrometeors.  The 
details  of  the  whole  cloud  charge  generation  picture  will  be  complex, 
because  of  the  great  complexity  of  the  flow  field,  hydrometeor  and 
droplet  distributions,  and  chemical  contaminant  factors.  Quantitative 
field  investigations  of  charges  on  hydrometeors  and  droplets  throughout 
a  cloud  system  at  various  times  are  required  before  the  cloud  charge 
picture  can  be  deemed  to  be  adequately  described. 
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SUMMARY 


A  laboratory  investigation  was  initiated  to  try  to  duplicate  a 
phenomenon  which  had  been  repeatedly  observed  in  certain  flight 
measurements  during  the  Flagstaff  cumulus  studies:  the  apparent 
strong  negative  charging  of  ice  hydrometeors  at  the  final  stage  of 
melting  during  their  fall  outside  of  the  cloud.  Sample  ice  struc¬ 
tures  of  1  cm3  from  distilled  water  were  melted  in  an  8  m /  sec  air 
stream  at  ambient  temperatures.  Regardless  of  the  technique  of 
measurement  used  (current  into  the  sample,  charge  into  the  sample, 
or  charge  into  an  open  Faraday  cage  around  the  sample),  certain 
features  were  observed  consistently:  (a)  a  positive  charge  was  ac¬ 
quired  by  the  sample,  (b)  the  magnitude  of  the  charge  was  on  the 
order  of  30  picocoulombs  (0.  1  esu),  and  (c)  the  acquisition  of  charge 
occurred  primarily  during  the  later  portion  of  the  melting  process. 
Generally  similar  but  more  erratic  results  were  obtained  with  actual 
hail  samples. 

The  sign  of  the  charging  was  opposite  to  that  observed  in  the  flight 
measurements,  and  the  magnitude  of  the  charging  was  far  less,  but  the 
correlation  of  the  charging  with  the  final  stage  of  melting  agreed  with 
the  results  of  the  flight  tests.  Laboratory  tests  previously  reported 
by  Dinger  and  Gunn  also  showed  positive  charging  during  melting,  and 
the  charging  correlated  with  the  amount  of  dissolved  gas  and  hence 
bubbles.  It  is  felt  that  the  charging  effect  is  real  and  is  probably 
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primarily  associated  with  effects  from  bubbles  during  melting, 
and  that  the  disagreement  in  sign  between  the  laboratory  and 
flight  measurements  may  be  attributable  to  the  differences  in 
ambient  conditions  and  hydrometeor  properties. 


1.  INTRODUCTION 


During  the  1962  field  program  of  the  cumulus  cloud  investigation 
at  Flagstaff,  Arizona,  some  of  the  hydrometeor  charge  measure¬ 
ments  were  made  as  the  research  aircraft  spiraled  rapidly  down  below 
the  cloud  through  the  precipitation.  The  charges  on  the- hydrometeor  s 
in  the  limited  conditions  studied  generally  showed  a  consistent  pattern: 
the  hydrometeors  were  positively  charged  while  in  the  ice  phase  and 
had  become  negatively  charged  by  the  time  they  were  completely 
melted.  In  an  attempt  to  gain  further  insight  into  this  phenomenon,  a 
laboratory  experiment  was  initiated  in  late  1962.  The  aim  of  this  lab¬ 
oratory  study  was  to  try  to  duplicate  this  apparent  hydrometeor  charging 
during  melting.  This  report  describes  these  preliminary  laboratory 
studies. 

2.  THE  PHENOMENON 

The  observations  in  the  field  at  Flagstaff  (see  MacCready,  1964) 
can  be  summarized  qualitatively  as  follows: 

(a)  The  charge  on  ice  hydrometeors  (small  to  large  graupel)  both 
within  and  below  convective  clouds  was  found  to  be  predomi¬ 
nantly  positive,  with  a  maximum  charge  strength  apparently 
approaching  the  limit  which  can  exist  on  a  particle  of  that 
size  before  breakdown  gradients  are  reached  at  its  surface. 

(b)  After  melting  (at  the  +3°C  to  +10”C  level,  depending  prin¬ 
cipally  on  the  hydrometeor  type,  size,  and  the  air  vertical 
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velocity)  the  hydrometeors  would  have  negative  charges 
of  maximum  magnitude  comparable  to  the  previous  max¬ 
imum  positive  charges. 

(c)  The  switch  from  plus  to  minus  was  often  very  abrupt,  and 
within  the  accuracy  of  the  qualitative  measurements  coin¬ 
cided  well  with  the  level  at  which  the  last  ice-characteristic 
of  the  hydrometeors  disappeared. 

In  the  cases  studied  the  change  from  plus  to  minus  took  place 
completely  below  (outside)  the  clouds,  and  so  a  mechanism  related 
to  the  collisions  or  near  misses  with  droplets  was  not  operating. 

3.  EXPERIMENT  1 

In  all  cases  the  experiments  consisted  of  making  simulated  ice 
hydrometeors  by  freezing  distilled  water  in  the  desired  shape,  placing 
the  ice  in  a  small  wind  tunnel  through  which  air  at  room  temperature 
was  drawn,  and  monitoring  any  charging  as  the  ice  melted.  The 
velocity  through  the  tunnel  was  measured  by  a  Pitot  tube-manometer 
system;  the  speed  was  about  8  m/sec.  The  electrification  measure¬ 
ments  were  reproducible.  The  overall  absolute  error  of  the  charge 
and  current  measurements  was  under  10  per  cent  of  the  indicated  value. 
The  laboratory  setup  was  simple,  but  considerable  attention  to  tech¬ 
nique  and  calibration  was  required  because  of  the  very  low  currents 
involved. 
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For  the  first  series  of  experiments,  ire  spheres  of  approx¬ 
imately  1.  6  cm  diameter  were  employed.  The  spheres  were 
obtained  by  using  glass  molds  (small  Christmas  tree  ornaments), 
which  were  cracked  off  after  freezing  had  been  completed.  A  wire 
was  inserted  in  the  filling  neck  of  the  mold  in  order  to  enable  the 
specimen  sphere  to  be  connected  to  the  measuring  equipment.  The 
mold  was  filled  by  means  of  a  hypodermic  needle.  Freezing  took 
place  in  a  cold  box  partially  filled  with  dry  ice. 

The  spheres  were  removed  from  the  cold  box  and  inserted  in 
the  wind  tunnel  through  a  hinged  section  and  the  fan  and  measuring 
equipment  turned  on.  As  the  air  caused  the  ice  to  melt,  the  rate  of 
change  of  charge  (i.  e.  ,  current)  was  measured  by  a  Keithley  600A 
electrometer,  used  in  its  'fast'  current  measuring  mode.  The  output 
of  the  electrometer  drove  one  channel  of  a  Brush  mark  II  chart 
recorder.  The  setup  is  diagrammed  in  Fig.  la. 

During  the  initial  series  of  runs  some  reproducible  indication  of 
a  change  of  charge  as  a  function  of  the  ice  sphere's  change  of  state 
existed.  As  would  be  expected,  drops  of  water  were  dropped  or  blown 
off  during  the  melting  process  which  tended  to  produce  spurious  re¬ 
sults.  This  fact,  coupled  with  the  tedious  nature  of  molding  the 
spheres,  led  to  an  alteration  of  the  setup  and  procedure. 
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Fig.  la.  DIRECT  CURRENT  MEASUREMENT  (EXPERIMENTS  1  k  2) 


Shield 


Fig.  lb.  DIRECT  CHARGE  MEASUREMENT  (EXPERIMENT  2) 


Ice  Cube 


Faraday  cage 


Fig.  lc.  INDUCED  CHARGE  MEASUREMENT.  (EXPERIMENT  3) 


4.  EXPERIMENT  2 


Ice  cubes,  approximately  1.  2  cm  on  an  edge,  were  now  used, 
being  obtained  from  conventional  small  ice  trays.  Freezing  took 
place  in  a  commercial  electric  deep  freeze.  A  small  brass  tray, 
approximately  2  cm  by  2  cm  with  a  0.  6  cm  lip  (the  volume  of  the 
tray  was  sufficient  to  contain  all  of  the  melted  ice  cube's  water), 
was  mechanically  and  electrically  connected  to  the  feedthrough  of 
the  tunnel  (center  terminal  of  a  teflon-insulated  UHF  coaxial  cable 
connector). 

The  cube  was  removed  from  being  stored  in  a  dry  ice-cooled 
coldi  box  and  placed  in  the  tray  via  the  trap,  and  the  air  and  equip¬ 
ment  turned  on.  The  measuring  equipment  had  two  modes  of  opera¬ 
tion.  The  first,  1^ ,  as  before,  shown  in  Fig.  la,  measures  the  current 
flowing  as  a  change  of  state  occurred.  The  second  mode,  Q  ,  shown  in 
Fig.  lb,  measured  the  total  charge  acquired  by  the  cube/water  (plus 
tray)  during  the  change  of  state. 

Figure  2a  shows  two  sample  results  for  the  1^  mode  of  operation. 
The  melting  of  the  surface  apparently  does  not  play  a  role  in  the 
charging;  it  is  only  several  minutes  later  that  the  charging  current 
becomes  appreciable.  The  maximum  current  comes  near  the  end  of 
the  melting,  and  when  the  melting  is  completed,  there  is  no  more 
charging.  Observation  of  the  sample  during  this  period  gave  evidence 
that  some  of  the  stronger  current  effects  were  related  to  the  release 
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Surface  melt 


Fig.  2a.  I_  MODE  CHARGING,  EXPERIMENT  2 


Fig.  2b.  Q  MODE  CHARGING,  EXPERIMENT  2 


Fig.  2c.  'Q  INDUCED'  MODE  CHARGING,  EXPERIMENT  3 


of  bubbles  from  the  sample.  All  of  thc_I  records  illustrated  these 
same  overall  characteristics,  although  the  details  of  the  current 
magnitudes  and  timing  of  events  would  vary  somewhat.  On  some 
occasions  there  was  a  bit  of  extra  random  'noise'  before  the  surface 
melting  which  was  attributed  to  the  frosting  of  the  cold  surface  in 
humid  conditions,  and  in  some  cases  the  charging  current  grew  a 
bit  more  smoothly  beginning  about  half  a  minute  after  surface  melting. 

Figure  2b  shows  a  sample  of  the  Q  mode  of  operation.  It  is 
evident  that  the  Q  mode  is  consistent  with  the  _I  mode,  the  charge 
being  the  integral  of  the  current.  The  best  charging  rate  is  usually 
near  the  end  of  the  charging.  Tests  without  an  ice  cube  in  the  tray 
showed  that  the  instrumentation  setup  itself  yielded  an  apparent 
charging  or  drift  of  about  0.  5  picocoulomb/min,  which  should  be  sub¬ 
tracted  from  the  indicated  charge.  After  the  peak  charge  has  been 
accumulated,  it  can  be  observed  to  leak  off  slowly  because  of  air  con¬ 
ductivity.  There  were  differences  in  the  details  of  the  results  of 
individual  Q  runs,  but  all  the  runs  showed  the  same  predominant  char¬ 
acteristics. 

The  I  and  Q  tests  all  indicated  total  charges  of  the  order  of  30 
picocoulombs,  with  a  spread  from  about  10  to  90  picocoulombs.  Such 
charges  are  one  or  two  orders  of  magnitude  less  than  those  which 
would  limit  further  charging  because  of  breakdown  gradients  at  the 
hydrometeor  surface. 
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5.  EXPERIMENT  3 


Both  the_I  and  the  Q  techniques  discussed  above  involve  con¬ 
tinually  removing  the  charge  from  the  ice-water  sample  and  keeping 
the  sample  close  to  ground  potential.  A  different  technique,  'Q  in¬ 
duced',  was  therefore  used  next  which  left  the  charge  on  the  sample 
throughout  the  change  of  state.  The  physical  setup  is  diagrammed 
in  Fig.  l_c.  The  sample  is  set  inside  an  open-ended  Faraday  cage, 
and  the  charge  on  the  cage  is  measured.  In  effect,  for  the  tray  of 
the  previous  experiments  there  was  substituted  the  Faraday  cage. 
The  sample  was  placed  on  a  smaller  tray,  set  on  paper  thermal  in¬ 
sulation,  on  top  of  a  teflon  insulating  block  within  the  cage. 

The  results  were  identical  in  every  way  to  those  for  the  Q  mode 
in  Experiment  2.  One  example  is  shown  in  Fig.  2c.  Nineteen  tests 
were  run.  The  average  total  charge  was  26  picocoulombs,  and  the 
extremes  were  9  and  70  picocoulombs  (about  2  picocoulombs  should 
be  subtracted  from  these  values  to  correct  for  the  instrumentation 
bias). 

6.  MEASUREMENTS  WITH  HAIL 
A  brief  series  of  measurements  of  charging  during  melting  of 
hail  was  conducted  at  Flagstaff  during  August,  1963.  Since  the  three 
separate  measurement  schemes  described  earlier  had  previously  all 
given  comparable  results,  the  simplest,  (Experiment  2)  was  used 
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for  the  hail  study.  Although  there  was  considerable  scatter  to  the 
data  and  there  were  not  enough  tests  made  to  give  as  much  signifi¬ 
cance  as  would  be  desired,  several  features  of  the  results  were 
distinct  and  are  worth  noting  here.  All  the  hail  was  dirty  from 
being  collected  on  the  ground. 

(a)  With  zero  wind,  the  charging  effect  was  greatly  diminished. 
The  charging  was  relatively  unaffected  by  wind  variations 
from  3  to  10  m/sec. 

(b)  Pea  to  grape  size  hail  gave  positive  charging  during  melting 
of  10  to  20  pi  cocoulombs;  the  larger  sizes  were  generally 
associated  with  the  larger  charges,  but  the  data  show  much 
scatter.  The  maximum  charge  densities  for  the  smaller 
hailstones  were  on  the  order  of  100  picocoulombs/gm. 

(c)  A  clear  hailstone  containing  very  few  bubbles  showed 
negligible  charging.  All  the  other  hailstones  appeared 
whitish  because  of  the  many  bubbles  within  them. 

7.  COMPARISON  OF  FIELD  AND  LABORATORY  MEASUREMENTS 

The  laboratory  studies  reported  here  agree  with  the  flight  obser¬ 
vations  in  that  the  simulated  laboratory  hydrometeors  became  charged 
during  the  melting  without  any  cloud  particles  being  present.  Further, 
in  the  laboratory  and  in  the  flight  tests  the  charging  was  strongest 
toward  the  end  of  the  melting.  Thus  the  laboratory  tests,  and  those 
of  Dinger  and  Gunn  (1949)  help  substantiate  the  hypothesis  that  a  real 
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electrification  phenomenon  is  associated  with  melting.  However, 
the  laboratory  tests  provide  only  a  few  clues  as  to  the  details  of 
the  mechanism,  other  than  to  hint  that  bubbles  in  the  hydrometeor 
may  play  a  dominant  role  in  the  transfer  of  charge  to  the  air,  that 
the  charge  is  not  being  transferred  by  any  evaporation  effect  or  by 
the  breakup  of  hydrometeors,  and  that  a  potential  gradient  in  the 
environment  is  not  essential  for  the  charging.  The  laboratory  tests 
did  not  duplicate  the  ambient  temperature,  pressure,  density,  air 
flow  speed,  conductivity,  space  charge,  or  potential  gradient,  or 
the  physical  structure,  internal  motions,  and  gaseous  and  chemical 
composition  of  the  hydrometeors  (even  the  tests  with  hail  did 
not  duplicate  natural  hail  properly,  using  instead  hail  which  was 
dirty  and  which  had  been  stored  for  days  or  weeks).  The  laboratory 
studies  also  placed  the  hydrometeors  in  a  relatively  confined  space, 
which  could  attenuate  the  net  electrification  from  droplets  emitted  from 
bursting  bubbles  by  preventing  the  droplets  from  blowing  downstream. 
Thus  it  may  not  be  surprising  that  the  laboratory  investigation  showed 
different  details  of  charging  from  that  found  in  the  field. 

Dinger  and  Gunn  (1946)  relate  their  charging  observations  (which 
were  more  detailed  than  those  reported  here)  to  the  bubbling  effects 
of  dissolved  gases  during  melting.  They  also  show  the  effects  of  con¬ 
taminants.  The  type  of  ice  sample  used  in  the  present  laboratory  tests 
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did  not  have  many  bubbles  and  so  might  not  be  expected  to  show 
large  effects.  Natural  graupel  or  hail  has  a  much  more  porous 
structure  and  offers  the  opportunity  for  many  more  bubbles.  In 
addition,  the  large  surface  area  of  the  droplets  from  which  graupel 
and  hail  form  implies  that  the  natural  hydrometeors  may  contain 
relatively  large  amounts  of  absorbed  gas,  some  of  which  can  be 
released  during  warming  to  create  more  bubbles.  The  tests  with 
hail  gave  results  not  much  different  from  those  with  the  artificial 
ice,  but  it  is  perhaps  significant  that  the  hail  data  were  more  erratic, 
did  include  the  highest  charge  density  case,  and  showed  small  charging 
from  clear  hail. 

Blanchard  (1961)  has  considered  the  possibilities  of  hydrometeor 
charging  during  melting  by  the  bubble  process,  in  connection  with 
studies  on  the  electrification  of  the  atmosphere  from  bubbles  in  the 
sea.  He  suggests  (a)  that  the  sign  of  net  charging  should  be  independent 
of  the  external  field  except  for  very  strong  storm  fields,  (b)  that  a  net 
positive  charge  may  be  acquired  by  the  main  drop,  and  (c)  that  the  tem¬ 
perature  may  have  a  great  influence  on  the  charging  of  drops  of  low 
salinity. 

Kikuchi  and  Magono  {1961a,  b)  measured  charges  on  natural  snow 
crystals  before  and  after  artificial  melting  during  snowfall  and  found 
they  acquired  considerable  positive  charge  during  melting. 
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Matthews  and  Mason  (1963)  examined  the  charging  from  melting 
snow  in  the  laboratory  and  did  not  find  significant  effects.  They  con¬ 
cluded  from  their  measurements  that  any  charging  was  less  than 
3  picocoulombs  per  gram  of  melting  ice,  from  one  to  two  orders  of 
magnitude  less  than  the  charging  found  by  Dinger  and  Gunn,  found  in 
the  present  paper,  and  found  in  the  field  by  MacCready  and  Proudfit 
(1964).  The  test  setups  for  all  these  studies  were  different,  but 
nevertheless  the  discrepancy  in  results  is  hard  to  explain.  The  lack 
of  effect  in  the  Matthews  and  Mason  tests  might  relate  in  some  cases  to 
the  type  of  ice  used,  to  a  relatively  low  sensitivity  limit  on  their  elec¬ 
trometer,  or  to  low  rates  of  airflow  past  the  test  specimens.  In  the 
present  study  in  the  tests  on  hail  the  rate  of  airflow  was  found  to  affect 
the  results  greatly,  giving  low  charging  when  the  airflow  was  slow. 

The  main  factor  may  be  the  re-collection  of  emitted  tiny  charged  drop¬ 
lets  back  on  the  large  ice-water  mass,  from  the  combined  effects  of 
gravity  and  electrostatic  forces;  such  an  effect  would  depend  strongly 
on  the  wind  and  on  the  physical  laboratory  setup. 

8.  CONCLUSIONS  AND  RECOMMENDATIONS 
In  summary,  the  evidence  seems  good  that  appreciable  charging 
can  be  associated  with  hydrometeor  melting.  It  seems  likely  that  some 
phenomenon  pertaining  to  the  release  of  bubbles  is  of  primary  impor¬ 
tance  in  the  charging  (although  the  tests  of  Kikuchi  and  Magono  showed 
charging  with  crystals  which  presumably  did  not  have  many  bubbles), 
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but  tbe  details  of  the  sign  and  magnitude  of  the  charging  would  be 

expected  to  vary  in  some  manner  with  temperature,  melting  rate, 

drop  size,  internal  circulation,  and  the  details  of  physical  and  chem¬ 
ical  composition. 

The  strength  of  the  charging-during-melting  effect  is  large 
enough  so  the  phenomenon  could  conceivably  play  a  slgnificant  role 
in  the  overall  thunderstorm  charge  distribution  picture  and  in  an  ice 
Phase.  Further  studies  are  warranted,  especially  in  view  of  the  dis¬ 
crepancies  between  the  results  of  different  investigators. 

Future  laboratory  tests  should  include  an  emphasis  in  two  areas, 
(1)  a  more  basic  study  about  the  mechanism,  with  particular  atten¬ 
tion  to  the  charging  of  the  individual  droplets  released  by  bubbles  of 
the  size  and  type  encountered  in  melting  ice  hydrometeors,  and  (2) 
tests  which  duplicate  more  closely  the  actual  atmospheric  conditions. 
One  approach  to  the  latter  area  for  hail  studies  would  be  to  employ  a 
tunnel-electrometer  in  an  aircraft,  using  immediately  ice  hydrometeors 
obtained  in  flight  and  melting  them  with  ambient  air  as  the  plane  de¬ 
scends.  In  this  manner  most  natural  conditions  would  be  duplicated. 
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